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Solid Oxide Fuel Cells (SOFCs) operate under harsh environments, which cause the 
deterioration of anode material properties and reduce their service life. In addition to 
electrochemical performance, structural integrity of the SOFC anode is essential for 
successful long-term operation. Anode-supported SOFCs rely on the anode to provide 
mechanical strength to the positive-electrolyte-negative (PEN) structure. The stress field in 
the anode may arise from a variety of phenomena including thermal expansion mismatch 
between layers in the PEN structure, thermal/redox cycles and external mechanical loads. 
Moreover, some fuel contaminants such as phosphine (PH3) interact with the anode 
materials which lead to the formation of secondary phases and grain growth. These 
mechanisms result in the formation of microcracks, and degrade anode structural and 
electrochemical properties. Assessments of the evolution of anode mechanical properties 
during long-term operation are therefore essential to predict SOFC working life. 
 
The principal objective of this research is to develop a structural durability model for 
the SOFC anode that takes into account thermo-mechanical and fuel contaminants effects 
on the anode material properties. The model is implemented in finite element analysis 
through a user defined subroutine to predict anode long-term structural integrity. The 
model is exploited to predict the stress-strain relations of Ni-YSZ at temperatures and 
porosities which are difficult to generate experimentally. Accelerated exposure tests under 
high contaminant concentrations dictate that the electrochemical degradation is the 
principal mode of cell failure while the cell structure is still intact. However, the model 
predicts that under lower contaminant concentrations, the anode structural degradation may 
be significant as compared to the electrochemical degradation in long-term operation. 
 
The proposed model is enhanced for the planar-SOFC configurations exposed to PH3. 
The model predicts that under pure thermo-mechanical effect, the critical location for 
structure failure is near the corner of highest thermal gradient. However when fuel 
contaminant structural effect is superimposed on the thermo-mechanical effect, the critical 
location may shift depending on the flow configuration. Under similar operating 
conditions, i.e. same current density, co-flow configuration yields a higher anode structural 
life than counter-flow or cross-flow configurations. The knowledge obtained from this 
research will be useful to establish control parameters to achieve desired service life of the 
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Fuel cells have emerged as an alternative technology to conventional power 
generation; promising high efficiency and low environmental impacts. Although the fuel 
cell was invented by Sir William Grove in 1839, the National Aeronautics and Space 
Administration (NASA) space program was the first to utilize alkali fuel cells onboard 
the Apollo spacecraft in the 1960s to produce electricity and drinking water. A fuel cell is 
an electrochemical device which directly converts fuel chemical energy into electrical 
energy and heat by means of electrochemical reactions. This technology presents many 
advantages over conventional power generation systems including high efficiency, fuel 
flexibility, quiet operation, and low levels of NOx and SOx emissions. They are proven to 
be technically feasible for automobiles, portable electronic devices, residential and 
commercial stationary power sources. However, further research is required to make 
them reliable and economically practical as compared to conventional power sources. 
Fuel cell operation is similar to a battery but in the case of fuel cells, fuel and oxidant are 
continuously supplied to the anode and cathode sides, respectively, and the power is 
generated as long as there is a fuel and oxidant supply along with some other system 
requirements. Unlike heat engines, it does not directly combust the fuel in air but 
electrochemically oxidizes the fuel. Thus fuel cell efficiency is not limited by the Carnot 
cycle and it can achieve comparatively higher efficiency. 
 
Presently, there is a great active research in progress throughout the world on solving 
engineering problems that currently have prevented the fuel cell technology from 
becoming commercially feasible as compared to conventional power generation. These 
include higher manufacturing cost, lack of the infrastructure to store and deliver fuels, 
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and other issues related to fuel cell reliability. During the past decade, fuel cell 
technology research and development (R&D) activities have been intensified in industries 
and research institutes through the world. Consequently, fuel cells are now moving 
towards commercialization. Previously fuel cell technology was limited to niche 
application such as spacecraft due to high manufacturing and operating costs. The recent 
R&D activities in fuel cell technology have reduced the cost to about $1500/kW. 
However, the analysts have estimated that the fuel cell cost must reach around $400/kW 
to make the technology competitive. 
 
The United States government established the Solid State Energy Conversion 
Alliance (SECA) in 1999 to combine the efforts of government, industry, and the 
scientific community to promote the development of Solid Oxide Fuel Cells (SOFCs) for 
a variety of energy applications.  One of the specific goals of the SECA alliance is to 
expedite the commercial readiness of SOFCs in the range of 3 kW to 10 kW for 
stationary, transportation, and military applications. 
 
The integration of coal gasification with SOFCs is potentially an efficient technology 
for generating electric power from coal which is expected to be the single largest fuel 
source in the foreseeable future. Naturally occurring coal contains many contaminants 
and some of these contaminants end up in the fuel gas stream in the form of vapor or fine 
particulate matters. As a high temperature fuel cell, SOFC has many advantages over 
other types of fuel cells such as high kinetic activity, no need of precious catalysts, fuel 
flexibility and the possibility of internal fuel reforming. Many fuel gas contaminants such 
as Hg, Si, Zn and NH3, do not significantly affect the SOFC anode electrochemical 
performance. However, some fuel gas contaminants (e.g. P, S and As) can interact with 
SOFC anode material and degrade its electrochemical performance and/or structure 
properties during long-term operation. Hence, SOFCs operating on coal-derived syngas 
can play an important role in the commercialization of this technology after these 
contaminants are reduced to an acceptable level. It is important to establish the tolerance 
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of SOFCs for coal-derived syngas contaminants to facilitate proper design of the fuel 
feed system that would not catastrophically degrade the SOFCs electrochemical 
performance or structural integrity. 
 
Many types of materials have been studied in the literature for the SOFCs anode. 
Nickel-Yttria Stabilized Zirconia (Ni-YSZ) however, is the current choice for SOFCs 
anode material. Ni-YSZ is preferred because of its chemical and structure stability, good 
thermal and electrical conductivity, catalytic performance, low cost and compatibility 
with the other materials of SOFC. Anode-supported SOFCs rely on the anode to provide 
mechanical strength to the positive-electrolyte-negative (PEN) structure. Thin layers of 
the PEN structure are inherently susceptible to mechanical failure when subjected to 
moderate stresses. The stress field in the cell can arise from a variety of phenomena 
including thermal stresses due to thermal expansion mismatch of the layered cell 
structure, residual stresses and stresses induced by external mechanical loads. These 
stresses can result in formation of micro-defects and degrade anode structural properties. 
 
Currently, most research efforts are focused on the fuel cell electrochemical 
performance degradation mechanisms but the structural degradation phenomena due to 
thermo-mechanical effects and coal syngas contaminants are not given much attention. 
There is a need to identify the mechanisms that degrade anode structural properties and to 
determine the effects of those mechanisms on SOFCs structure during long-term 
operation. Accelerated exposure tests under high contaminant concentrations dictate that 
the electrochemical degradation is the principal mode of cell failure while the cell 
structure is still intact. However, under lower contaminant concentration the anode 
structural degradation may be significant as compared to electrochemical degradation that 
needs to be addressed. Experimental techniques are time consuming, expensive and 
might not examine a variety of designs and working conditions. To this end, 
electrochemical and structural models are highly advantageous to expedite the 
development and understanding of SOFCs degradation mechanisms. 
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In this research a phenomenological structural durability model is developed for the 
SOFC anode material and implemented in finite element analysis with the help of a user 
defined material subroutine. The model accounts for thermo-mechanical and fuel gas 
contaminants effects on the anode material to predict long-term structural integrity of the 
SOFC anode. The knowledge obtained from this research will be useful to establish 




In addition to electrochemical performance, structural integrity of the SOFC anode is 
essential for successful long-term operation. Currently, most research efforts related to 
the fuel cells are focused on their electrochemical performance. Anode structural 
degradation phenomena under synergistic effects of thermo-mechanical and fuel 
contaminant, in contrast, are not given much consideration. There is a need to identify the 
mechanisms that degrade anode structural properties and to determine the effects of these 
mechanisms on SOFCs anode structure behavior during long-term operation. 
 
The objectives of this research are the following: 
• Develop a durability model that incorporate thermo-mechanical degradation and 
fuel gas contaminants effects on the SOFC anode structural properties. 
• Implement the model in finite element analysis to predict long-term structural 
integrity of SOFC anode. 
• Validate the methodology using a NexTech ProbostatTM SOFC button cell test 
apparatus integrated with a Sagnac optical setup and infrared sensor for in-situ 
surface deformation and temperature measurements. 
• To establish a correlation between the degradation model and experimental 
measurements, a two-layer analytical solution of a thin membrane under uniform 
pressure is modified to obtain surface deformation of a three-layer thin membrane 
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which can be considered as a button cell with anode, electrolyte and cathode 
layers. 
• The model is exploited to predict the stress-strain relations of Nickel-Yttria 
Stabilized Zirconia (Ni-YSZ) at temperatures and porosities which are difficult to 
generate experimentally. These curves are utilized to obtain degradation threshold 
variable and hardening/softening variable at different temperatures and porosities. 
• Enhance the proposed model for the planar configurations of SOFC i.e. co-flow, 
counter-flow and cross-flow. 
• Conduct the parametric studies to estimate the anode material reliability under 
different conditions. 
• The ultimate goal of this research is to establish the acceptable limit of 
contaminants that would not degrade anode structure to an unacceptable level for 
a specified period of time. 
 
1.3 Thesis Outline and Scope 
 
 This dissertation consists of six chapters. Chapter-1 contains the research objectives 
and motivations with the background of fuel cell development. Literature review related 
to the fuel cell technology is presented in Chapter-2. Different types of fuel cells and their 
characteristics are discussed followed by a synopsis of the mechanisms that degrade 
SOFC anode electrochemical and structural properties including thermo-mechanical, fuel 
gas contaminants, and redox cycles effects. In Chapter-3, the basic concepts of damage 
mechanics are discussed including state variable, effective configuration, Helmholtz free 
energy, etc. The proposed model development is presented in Chapter-4. Formulations 
for both thermo-mechanical degradation and fuel gas contaminant effect on the anode 
structure are described in detail. Experimental setup for the model validation is also 
presented. Model validations including an elastic brittle degradation model and fuel 
contaminant penetration model are explained in Chapter-5. The proposed constitutive 
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relations are used to predict Ni-YSZ stress-strain relations at different temperatures and 
porosities, and some of the material parameters are obtained. The simulation results of 
the button cell and planar sells are also presented in this chapter. Conclusion and future 
work are discussed in Chapter-6. 
 
Fuel contaminants which significantly reduce the anode electrochemical 
performance in short periods of time, such as sulfur (S) and selenium (Se), are not the 
subject of this study. Anode material is assumed to be isotropic elastic brittle material in 
the operating temperature range and that the material degradation does not induce 
anisotropy. Thermo-mechanical degradation of the electrolyte and cathode are not 
considered in this study. Consequently, their mechanical properties are assumed to be 










Fuel cells have emerged as an alternative technology to conventional power 
generation; promising high efficiency and low environmental impacts. They have been 
utilized successfully in many special purpose tasks such as space missions and there is a 
great active research in progress throughout the world to commercialize the technology. 
They are proven to be technically feasible for automobiles, portable electronic devices, 
residential and commercial stationary power sources. However, further research is 
required to make them reliable and economically practical as compared to conventional 
power generation technologies. 
 
This chapter presents a concise introduction to fuel cell technology followed by a 
literature review on the thermo-mechanical degradation mechanisms and fuel gas 
contaminants effects on both cell electrochemical performance and anode structural 
properties.  
 
2.1.1 Fuel Cell Structure and Working Principle 
 
A fuel cell is a device which directly converts fuel chemical energy into electrical 
energy and heat by means of electrochemical reactions. Their operation is similar to a 
battery, however in the case a of fuel cell, the fuel and oxidant are continuously supplied 
to the anode and cathode sides respectively, and power is generated as long as there is a 
fuel and oxidant supply along with some other system requirements. Unlike heat engines, 
a fuel cell does not directly combust the fuel in the air but oxidizes it electrochemically. 
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 Thus fuel cell efficiency is not limited by the Carnot cycle and it can achieve 
comparatively higher efficiency. A fuel cell system is divided into following three 
modules [1]: 
 
(i)  Unit Cell 
(ii)  Fuel Cell Stacking 
(iii)  Balance of Plant 
 
A unit cell is the electrochemically active composite layer of a fuel cell which 
consists of three fundamental components: anode, electrolyte, and cathode. It is also 
called positive electrode–electrolyte–negative electrode (PEN) assembly. Fuel gas and 
oxidant are continuously supplied to the anode and cathode sides respectively. At the 
anode, fuel is oxidized and electrons are produced which flow through the external 















Figure 2-1 Schematic of a single fuel cell 
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 In addition to providing electrochemical reactions sites, the electrodes and electrolyte 
also have some other critical roles to fulfill. The electrolyte conducts ionic charges 
between the electrodes and thus completes the cell electric circuit internally. It also 
prevents the fuel and oxidant species from direct combustion. Electrodes also conduct 
electrons to and from reaction sites, act as current collectors, and in some cases provide 
structural support to the unit cells. Since the maximum power density that can be 
achieved using a Nickel-Yttria Stabilized Zirconia (Ni-YSZ) anode fueled with hydrogen 
at 800 oC, is less than 1 W/cm2 [2], the unit cells must be combined into cell stacks to 
generate a power output level required for a desired application. The stacking involves 
electrically connecting multiple cells in series by means of interconnects. 
 
Fuel cell systems require several other sub-systems and components called balance 
of plant (BoP), which are essential for the system operation. The BoP sub-system 
depends on the fuel cell type, fuel and oxidant choice, and application. The BoP generally 
covers fuel preparation, air supply, thermal management, water management, and electric 
power conditioning equipment [1]. Noticeably, BoP represents a significant portion of 
weight, volume, and cost of the most fuel cell systems. 
 
2.1.2 Types of Fuel Cell 
 
Several types of fuel cells are in different stages of development [1, 3]. They are 
generally categorized by the type of electrolyte used such as solid oxide fuel cell (SOFC), 
molten carbonate fuel cell (MCFC), polymer electrolyte fuel cell (PEFC), phosphoric 
acid fuel cell (PAFC), and alkaline fuel cell (AFC) etc. The choice of electrolyte 
determines the cell operating temperature and thus the level of fuel processing required 
before it can be fed to the fuel cell. Key characteristics of several types of fuel cells are 
given in Table 2-1. Fuel cells are also classified based on their operating temperature: 
SOFC and MCFC are categorized as high temperature (600 °C – 1000 °C) fuel cells, 
while PEFC, PAFC, and AFC are categorized as low temperature (30 °C – 200 °C) fuel 
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cells. Much attention has been given to commercialize SOFC and PEFC in recent years 
for the stationary and automotive applications respectively. 
 
Table 2-1 Key characteristics of the main fuel cell types [1, 4] 
 

























































      
 
 
Due to high vapor pressure at high temperature, aqueous electrolyte cells operate 
below 200 oC. Low-temperature fuel cells require pure hydrogen as the electrode 
catalysts are easily poisoned by CO and other contaminants that may be present in the 
fuel stream. Low-temperature fuel cells offer lower electrical efficiency as compared to 
high temperature fuel cells but they are more suitable for portable electrical devices and 
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automotive applications which require frequent fast start up and shut down. High-
temperature fuel cells electrolyte offer high ionic conductivity at operating temperature. 
They can internally reform CH4 and CO or even directly oxidize them electrochemically. 
High-temperature fuel cells are developed for power generation where high start up and 
shut down time is not a concern. 
 
2.1.3 Solid Oxide Fuel Cell  
 
A Solid Oxide Fuel Cell (SOFC) is a high temperature fuel cell that operates above 
700 oC. The cell contains a solid non-porous electrolyte, usually yttria-stabilized zirconia 
(Y2O3 stabilized ZrO2) which conducts oxide (O=) ions from cathode to anodes. In 
general, the anode is made of Ni-8YSZ cermet and the cathode is made of Sr-doped 
LaMnO3 (LSM). Many types of materials have been studied in the literature for the 
SOFCs anode such as LaxSr1-xVO3−δ (LSV) [5], CoS1.035, WS2, and Li2S/CoS1.035 [6], 
Ni/scandia-stabilized zirconia (Ni–ScSZ) [7], Cu–CeO2–YSZ [8] etc. Nickel-Yttria 
Stabilized Zirconia (Ni-YSZ), however, is the current choice for SOFCs anode material 
[9-11]. Ni-YSZ is preferred because of its chemical and structure stability, good thermal 
and electrical conductivity, catalytic performance, cost and compatibility with the other 
materials of SOFC [11]. 
 
Fuel gas is supplied to the anode side which diffuses through the porous anode to the 
electrochemical active layer. Similarly, the oxidant species (usually air) is supplied to the 
porous cathode. At the triple phase boundary (YSZ, Ni, and fuel), fuel gas (e.g. hydrogen 
or syngas) is oxidized by the oxide ions (produced at the cathode) and electrons are 
released which flow through the external circuit to the cathode side as depicted in Figure 
2-1.  For a hydrogen fuel cell, the half cell reaction at the anode can be represented by 
Eq. (2. 1). 
 
(2. 1) 
−− +→+ eOHOH 2222
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Similarly, the oxidant species (usually air) is supplied to the porous cathode side. Air 
is reduced by the electrons from the external circuit and oxide ions are produced which 
migrate through the electrolyte to the anode side, hence completing the cell internal 
electrical circuit as shown in Figure 2-1. The half cell reaction at the cathode side can be 




The overall electrochemical reaction in a simple hydrogen fuel cell can be 




Electrons generated at the anode travel through the external circuit to the cathode and 
the oxide ions produced at the cathode migrate through the electrolyte to the anode side, 
and hence the cell electrical circuit is completed. 
 
2.1.4 Cell and Stack Designs 
 
The maximum power density that can be achieved using Ni-YSZ anode fueled with 
hydrogen at 800oC is less than 1W/cm2 [2]. In order to obtain desired power output, the 
fuel cells are combined in series or parallel circuit: a series circuit generates higher 
voltage while with the parallel combination a larger current can be drawn. Interconnects, 
also known as bipolar plates or separator plates, are placed in between the anode of one 
cell and the cathode of the adjacent cell. Such combination of individual cells is called a 
fuel cell stack. Since SOFC entirely consists of solid-state components, a wide variety of 
stacking configurations are possible. The following types of cell stacking designs for 
SOFC have been considered in the literature. 
 
OHOH 222 2/1 →+
−− →+ 22 22/1 OeO
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1. Tubular cell 
2. Planar cell  
3. Segmented cell  
4. Monolithic cell  
 
 Tubular and planar cells arrangement drew more interest than other cell stacking 
options. Tubular cell stack design is unique to SOFC due to its solid state design: other 










Figure 2-2 (a) Cross-flow planar- SOFC design; (b) Exploded view [12] 
 
Siemens Westinghouse has been working intensely to develop tubular SOFC for 
more than 20 years [15]. They have developed the basic cell design, materials and 
manufacturing process, and have verified tubular SOFC performance through an 
extensive testing program. In 1997, Siemens Westinghouse delivered an atmospheric 
100-kWe SOFC-CHP (combine heat and power) system to a Dutch/Danish utility 
consortium in Netherlands. Through 1999, it was the largest operating SOFC system, 
supplying around 105 to 110 kWe net AC to the utility grid and producing about 65kW to 












Figure 2-3 Tubular SOFC: (a) Accumentric design [13]; (b) Schematic cross-section of 
Siemens Westinghouse tubular cell, redrawn from [14] 
 
Planar cell arrangement is the most common fuel cell stack configuration where 
individual unit cells are electrically connected by means of interconnects to generate 
desired power as shown in Figure 2-2. Recently planar stack designs have received much 
attention because they are simpler to fabricate and easier to be formed into various shapes 
than other configurations [16]. Interconnects serve two main purposes: (1) provide 
electrical connection between adjacent cells and (2) keep fuel and oxidant of the adjacent 
cells from mixing. Planar design offers shorter electric current path which causes less 
resistant losses as compared to tubular design. In most cases, interconnects also 
accommodate channels that distribute the fuel and oxidant over the fuel cells. 
 
Planar stacks design can be further divided into the following categories according to 
the relative fuel and oxidant flow directions.  
 
(a) Co-flow: fuel and oxidant flow in the same direction (Figure 2-4(a)) 
(b) Counter-flow: fuel and oxidant flow in opposite directions (Figure 2-4(b)) 






































2.2 Thermodynamics of Fuel cells  
 
In fuel cells, electricity is generated by means of electrochemical reactions. Unlike 
other energy conversion techniques, it is not apparent what form of energy is being 
transformed into electrical energy in fuel cells [17]. The chemical energy changes in the 
operation of fuel cells can be described in terms of Gibbs free energy change ΔG, which 
is defined as “ the energy available to do external work, neglecting any work done by 
changes in pressure and/or volume” [4]. For chemical reactions, Gibbs free energy is 





Under ideal conditions all of the available energy released during a chemical reaction 
will be converted into useful electrical power. Then, Gibbs free energy can be used to 




where ΔEN is the OCV also known as Nernst cell voltage, I is the current, and 
•
n is the 
molar consumption rate of fuel. In a chemical reaction, the current produced and amount 
of fuel consumed is related through stoichiometry. If z moles of electrons are generated 
from one mole of fuel, the total current produced by the chemical reaction can be 




where F (96487 coulomb/mole of electron) is the Faraday’s constant. From Eq. (2. 5) and 
Eq. (2. 6), the OCV can be derived as following: 









The change in Gibbs free energy ΔG depends on the temperature and the activities of 
the reactant and product species. Under standard operating conditions and when all the 





Now the Nernst potential can be written in terms of the cell ideal potential (ΔEo) under 






where R is the universal gas constant, T is the absolute temperature, pi is the partial 
pressure of species i, po is the standard pressure, and υi is a positive stoichiometric 
coefficient for product and negative coefficient reactant species i.  
 
The Nernst potential describes the upper limit or maximum performance that can be 
achieved by fuel cells under given conditions. Fuel cell actual performance (potential) is 
less than from its ideal performance due to some irreversible losses. These potential 
losses are referred to as overpotential or polarization losses and are classified as 
activation losses, resistance losses and concentration losses. Each type of loss is 































Figure 2-5 Fuel cell polarization and power density curves 
 
The polarization curve is the most important performance measure of a fuel cell that 
is the voltage output as a function of electrical current drawn. Cell actual working voltage 
(E), can be written in terms of Nernst voltage (EN), activation overpotential (ηa) due to 
slow electrodes reactions, Ohmic overpotential (ηΩ) due to electrical and ionic resistance, 





Activation losses result from slow electrochemical reactions at the electrodes. These 
losses are dominated at low current density and there is a sharp drop in voltage for a 
slight increase in current drawn. These losses depend on electrochemical reactions, 
catalyst material, operating temperature, reactant activities and current density [1]. Ohmic 
losses arise from electrolyte and electrodes ionic resistance, electrodes electrical 
resistance and contact resistances. These losses are proportional to the applied current 
( )caNEE ηηη ++−= Ω
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and depend on operating temperature, stack geometry and cell materials. Concentration 
losses are dominated at high current density as shown in Figure 2-5. These losses are 
caused by the mass transfer limitations to and from the electrodes electrochemical 







2.3 Structural Degradation Mechanisms of SOFC Anode 
 
Solid Oxide Fuel Cells (SOFCs) operate under harsh environments, which cause 
deterioration of the anode material properties and service life. In addition to 
electrochemical performance, structural integrity of the SOFC anode is indispensable for 
successful long-term operation. The SOFC anode is subjected to stresses at high 
temperature, thermal/redox cycles, thermal aging, and fuel gas contaminants effects 
during long-term operation. The SOFC anode is expected to maintain material integrity to 
prevent mechanical failures for an extended period of time (40000hrs).  
 
Anode-supported SOFCs rely on the anode to provide mechanical strength to the 
PEN (positive electrode - electrolyte - negative electrode) structure. The stress field in the 
anode can arise from a variety of phenomena including thermal expansion mismatch 
between layers in the PEN structure, thermal/redox cycles and external mechanical loads. 
Moreover, some of the fuel contaminants such as P and As, interact with the anode 
materials which lead to the formation of secondary phases and grain growth. These 
mechanisms can result in the formation of microcracks and degrade anode structural 
properties and electrochemical performance. Assessments of the evolution of anode 
mechanical properties during long-term operation are, therefore, essential to predict 
SOFC working life. 
 
In this research, the anode structural degradation mechanisms are divided into two 
broad categories: thermo-mechanical degradation and fuel gas contaminants effects on 
anode microstructure. The thermo-mechanical degradation encompasses thermal stress 
and thermal aging effects whereas the contaminant degradation takes the effects of fuel 





2.3.1 Thermo-Mechanical Effects on Anode Microstructure  
 
Solid oxide fuel cells (SOFCs) typically operate above 700 ºC which leads to severe 
thermal stresses caused by the coefficient of thermal expansion mismatch among its 
components. Anode-supported SOFCs rely on the anode cermet as mechanical support 
for the electrolyte and cathode [1]. The service life of a Ni-cermet anode is deteriorated 
by a variety of microstructural changes which mainly result from material transport, 
deactivation and thermo-mechanical mechanisms [18, 19]. 
 
A thin layer of anode material is inherently susceptible to mechanical failure when 
subjected to moderate stresses [20]. A variety of stresses exist in the anode material that 
can arise from coefficient of thermal expansion mismatch, residual stresses, spatial or 
temporal temperature, and external mechanical loading. These stresses can result in 
formation of microcrack or delamination of layers and degrade anode material properties. 
Interfacial and peeling stresses are two types of thermal stress that cause the mechanical 
failure of the SOFC. Lin Liu et al. [21] developed a generalized model for crack 
nucleation in multi-layered structure under thermal cycling and utilized it for life 
prediction. They introduced a non-dimensional damage parameter (ω), as shown in Eq. 




On the bases of thermo-mechanical mechanisms, the SOFCs may encounter 
catastrophic mechanical failure under operating conditions. The catastrophic failure often 
occurs because of material fracture or interfacial delamination between the layers. The 















Figure 2-6 Schematic diagram of a three-layer SOFC anode side with a localized 
damage band [21] 
 
 
Additional research is needed in order to quantify and predict the contribution of the 
thermal stresses to the failure of the cell [22]. The current knowledge on the mechanical 
phenomena in SOFC does not allow modeling for the purpose of life assessment. 
 
Previous studies showed material aging effects of stabilized zirconia components 
when exposed to high temperature for an extended period of time and the most affected 
property by aging phenomenon is the strength reduction [23].  It is well known that the 
conductivity of YSZ degrades after long-term operation of SOFC. The deterioration in 
conductivity is related to the gradual formation of fine tetragonal phase in the cubic phase 
[24]. In some circumstances, the mechanical properties of multiphase brittle materials 
strongly depend on the level of residual micromechanical stresses that arise upon 














Figure 2-7 Upper limit of tetragonal phase in ZrO2-Y2O3 system as function of aging 
time(h) at 1000°C [24] 
 
The cubic-tetragonal phase boundary at 1000°C is around the 9 mol% Y2O3 in ZrO2 
[24], as shown in Figure 2-7. Their results also suggest that the (tetragonal + cubic)/cubic 
phase boundary is located at the Y2O3 content of about 7.9 mol% at 1400°C; the cubic-
tetragonal phase transformation boundary decreases (mol% Y2O3 in ZrO2) with the 
increase in temperature. Therefore the phase boundary must be higher at Y2O3 content 
(>9%) at the SOFCs operating temperature which is around 800°C. Moreover, increasing 
mol% of Y2O3 in ZrO2, decreases its conductivity and leads to higher ohmic loses. It is 
possible that the gradual formation of fine tetragonal phase in the cubic phase also 
degrades anode structural properties due to the elastic and thermal coefficient mismatch 
between the constituent phases of YSZ. 
 
Prediction of remaining creep life of SOFCs materials is also an important and 
complicated issue. Creep deformation is one of the mechanisms responsible for changes 
in residual stresses in Ni-YSZ/YSZ bilayers at high temperature [26]. Creep behavior 
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ultimately controls the design and lifetime of the components operating for prolonged 
periods of time at high temperatures under stress [27]. 
 
Lara-Curzio et al, [26] investigated thermal cycle and thermal aging effects on Ni-
YSZ/YSZ bilayers with the results showing modification of residual stresses and   
reduction of material strength. They also concluded that Ni-YSZ showed propensity for 












Figure 2-8 Curvature recorded before and after 50 h stress relaxation test at 800 °C at 
an initial elastic stress of 45 MPa for a Ni-YSZ test specimen [26] 
 
Nguyen et al, [28] conducted failure analyses and developed a CDM model for glass 
seal (G-18) and ceramic materials used in SOFCs. The CDM model accounts for material 
degradation caused by various mechanisms i.e. void growth, void nucleation, and 
coalescence, in a phenomenological way through a scalar degradation variable D, that 















Figure 2-9 Predictions of damage and failure progressions (D_SDV1) from an initial 
G18/yttria-stabilized zirconia interface crack [28] 
 
 W. Liu and J. Qu [30] developed a micromechanical based constitutive model to 
describe the creep behavior of Ni/YSZ. They found that the creep deformation in the 
Ni/YSZ is primarily in the Ni phase as indicated by nickel volume fraction in Eq. (2. 13). 
They derived a closed form solution that gives the strain rate of the entire Ni/YSZ 

















where cN is nickel phase volume fraction, η is viscous coefficient, and σ- is the stress. The 
chemical instability at the interfaces is one of the major problems for the stationary 
application, whereas for the transportation application, the thermo-mechanical instability 
is important because of repeated thermal cycles [31]. They are influenced by the 
interaction of material, stack, system parameters and operating conditions and generally 
amplify with increasing cell size [32, 33]. The porous anode provides the structural 
support to the thin YSZ electrolyte layer. Thus the mechanical integrity of Ni-YSZ anode 
is critical for preventing failure of the PEN structure. One of the major sources for 
internal stresses build-up is creep deformation which may lead to the cracking of the 
electrolyte or delamination of the cathode/anode [30]. It is therefore important to 
















2.3.2 Redox Cycle Effects on Anode Mechanical Properties 
 
The SOFCs are anticipated to go through several redox cycles when used in long-
term operation: 5-20 cycles per year during the lifetime of the cell [34]. The 5 years 
expected commercial lifetime of SOFC corresponds to a total of 25 to 100 cycles. 
 
As long as the fuel is continuously supplied to the anode (Ni/YSZ) and the anode is 
maintained in a reduced environment, Ni remains in metallic form in the anode [35]. 
However, if the fuel supply is interrupted, oxygen may continue to reach anode through 
electrolyte or through seal leakage and oxidize the metallic Ni into NiO. Oxidation of the 
anode may also occur when the fuel utilization is too great causing the oxygen activity to 
rise above that for equilibrium between Ni and NiO. The oxidation of Ni to NiO is 
accompanied by an increase of solid volume as the anode expands in dimension [35]. 
Although it is possible to maintain the reduced environment at all times, it is often 
impractical and uneconomical. 
 
The restoration of fuel supply converts the NiO back into Ni, but in general the 
original state of the anode is not fully recovered. Thus the changes in anode dimension 
can build up over many redox cycles and this generates internal stresses in the anode and 
other cell components that can cause material degradation, loss of performance, or even 




















Figure 2-11 NiO/YSZ bulk anode sample sintered at (a) 1200°C and (b) 1400°C 
Left: before redox cycle, Right: after passing through 4 redox cycles [36] 
 
The microstructural changes after four redox cycles on samples sintered at 1200 °C 
and 1400 °C are shown in Figure 2-11. For the sample sintered at 1400 °C, cracks are 
evident caused by higher sintering temperature having less porosity to accommodate the 
volume change during oxidation. 
 
Table 2-2 Percentage length change ∆l/lo of NiO/YSZ sintered at different temperature 







D. Fouquet et al., [36] have studied dimensional changes due to redox cycles by 
dilatometry and have related to the NiO/YSZ sintering temperature and particle sizes as 
shown in Table 2-2. Stathis et al. [37] performed oxidation experiments on Ni/YSZ 
samples with different geometries (bars and discs), at different temperatures (550 °C – 
Sintering Temperature 1100 oC 1150 oC 1200 oC 1300 oC 1400 oC 
After 1/2 redox cycle 0.1 0.2 0.1 0.4 0.6 
After 2/3 redox cycle 0.2 0.2 0.1 0.6 0.5 
After 3/4 redox cycle 0.3 0.4 0.2 0.6 0.6 
Total 0.6 0.8 0.4 1.6 1.7 
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950 °C). They found that the macroscopic strain increases with the oxidation 
temperature; from 0.27% at 650 °C to 0.54% at 800 °C. Thus the higher the oxidation 
temperature, the larger the bulk volume changes, such that the oxidation at 950 °C caused 
spontaneous mechanical failure [37]. 
 
Faes et al, [38] compare the redox cyclic effects on the curvature and strength of 
half-cells composed of a Ni-YSZ support: a Ni-YSZ anode and an 8%YSZ electrolyte. 
They measured the strength by the ball-on-ring method as shown in Figure 2-12 and the 










Figure 2-12 (a) Ball-on-ring setup with a sample (b) dimension of the setup, F is the 
load [38] 
 
They concluded that the redox cycles increase the cell curvature compared to 
standard reduction and the redox cycles at higher temperature lead to higher cell 
curvature. 
 
Pihlatie et al. [39] studied the redox cyclic effects on the stiffness of anode material 
and found that the Young’s modulus of the samples decrease almost linearly with the 















Figure 2-13 Mechanical degradation in terms of relative loss of elastic modulus of NiO-
YSZ composites due to redox cycles [39] 
 
They used an isotropic continuum damage model for the elastic degradation of the 




where Eo is the initial stiffness, E is the degraded stiffness and ω is the damage variable 
having values from 0 to 1. Fitting a damage parameter ω(CRS) to redox cycling 
























2.3.3 Fuel Gas Contaminants Effects on Anode Microstructure  
 
As a high temperature fuel cell, SOFC has many advantages over other types of fuel 
cells such as high kinetic activity, no need of precious catalysts, fuel flexibility and 
possibility of internal fuel reforming [40]. Most of the fuel gas contaminants, found in 
coal syngas such as Hg, Si, Zn and NH3, do not significantly affect the SOFC anode 
performance [41-43]. SOFC is, therefore, potentially an efficient technology for direct 
utilization of coal-derived syngas to generate electric power. The integration of coal 
gasification with SOFCs will reduce the operating cost and environmental effects in 
comparison with conventional power generation systems.  
 
Gasification is a process in which coal or other carbonaceous materials are mixed 
with a controlled amount of oxygen and steam in a reactor at high temperature and 
pressure. This method produces synthesis gas (syngas), primarily consisting of H2, CO, 
CO2, and H2O, and trace amounts of nearly all of the elements depending on the rank and 
geological source of the coal, and the type of gasification system [44]. The composition 
of coal-derived syngas from three major types of coal gasification systems, moving-bed, 

















The levels of contaminants found in the coal-derived syngas depend on the type of 
coal, coal gasifier, and gas stream cleanup process. The concentrations of many trace 
contaminants in coal-based gas stream are not known accurately. Krishnan et al., [41] 
gives a detail of the typical level of contaminants found in coal-based syngas. Trace 
impurities and their concentrations in coal-derived syngas produced by a gasification 


























Ar trace 0.7 0.8 0.9 0.9 1.1 
CH4 3.3 4.6 0.6 - 0.1 - 
C2H4 0.1 - - - - - 
C2H6 0.2 - - - - - 
CO 5.8 33.1 45.2 43.8 39.6 63.1 
CO2 11.8 15.5 8.0 4.6 10.8 1.5 
COS trace - - 0.1 - 0.1 
H2 16.1 28.3 33.9 21.1 30.3 26.7 
H2O 61.8 16.8 9.8 27.5 16.5 2.0 
H2S 0.5 0.2 0.9 1.1 1.0 1.3 
N2 0.1 0.6 0.6 0.9 0.7 4.1 
NH3+HCN 0.3 0.1 0.2 - - - 
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University of North Dakota Energy and Environmental Research Center are shown in 
Table 2-4. 
 




Contaminant Species Kingsport facility UND-EERC Estimate 
As (AsH3) 0.15 to 0.58 0.2 
Thiophene - 1.6 
Chlorine - 120 
CH3F 2.6 - 
CH3Cl 2.01 - 
HCl <1 - 
Fe(CO)5 0.05 to 5.6 - 
N3(CO)5 0.001 to 0.025 - 
CH3SCN 2.1 - 
PH3 1.9 - 
Antimony 0.025 0.07 
Cadmium - 0.01 
Chromium <0.025 6.0 
Mercury <0.025 0.002 
Potassium - 512 
Sodium - 320 
Selenium <0.15 0.17 
Vanadium <0.025 - 
Lead - 0.26 
Zinc 9.0 - 
 34
The Solid State Energy Conversion Alliance (SECA) program of the U.S. 
Department of Energy (DoE) is committed to develop solid oxide fuel cell systems that 
could generate power at a cost of $400/kW. Utilizing coal-based syngas in SOFC will 
reduce the operating cost in comparison with other fuels. Although studies [47,48] have 
shown the feasibility of utilizing coal syngas as a fuel for a SOFC system, the 
electrochemical performance and materials durability of SOFC are affected when 
exposed to certain contaminants in the syngas [41,42,49]. Coal syngas cleanup techniques 
such as absorption, diffusion through a membrane, chemical conversion and filter have 
been used to bring down the contaminants concentration to very low level. However 
these processes are carried out at ambient temperature and hence a significant portion of 
syngas thermal energy is lost.  
 
At present, nickel-yttria stabilized zirconia (Ni-YSZ) is the most widely used anode 
material for YSZ electrolyte based SOFCs [39,51,52]. It is a cermet in which nickel metal 
particles and YSZ particles are mixed and sintered to form a porous anode. Ni particles 
act as a catalyst for fuel (hydrogen, CO, etc) oxidation and electron conductor. YSZ 
provides structural support and ionic conductivity to permit the oxide ions to diffuse 
farther into the anode. When exposed to syngas contaminants, Ni-YSZ performance may 
degrade due to the following phenomena: 
 
• adsorption of the contaminants on the anode surface block the gas diffusion 
channels 
• impurity atoms on the surface deactivate the triple phase boundaries 
• secondary phase formation due to some contaminants reduce the YSZ ability to 
transport the oxide ions and electrical conductivity of Ni 
• structural integrity of the anode and seal material deteriorate due to grain growth 
and microcrack formation 
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In the following sections, a brief literature review on the effect of coal syngas 





The Ni-based anode is readily poisoned by the trace amount of sulfur contaminants 
in the fuel such as hydrogen sulfide (H2S) [53-56]. The sulfur poisoning mechanisms for 
the Ni-based anode, however, are still not fully understood [56].The level of sulfur 
poisoning strongly depends on the operating temperature, contaminant concentration, and 
applied current density [54].  
 
Experimental studies show that sulfur adsorbs more easily on the anode surface at 
lower temperature as shown in Figure 2-14. Matsuzaki et al. [54] found that for a Ni-
based anode, the electrode activity starts degrading significantly from 0.5 ppm of H2S at 
900 oC to 0.05 ppm at 750 oC. Based on these observations, Cheng et al. [56] suggested 












Figure 2-14 Sulfur poisoning effects at different temperature [57] 
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Experimental studies showed that the poisoning effects of sulfur on Ni-YSZ anode 
occur in two stages: rapid cell performance degradation in the first few hours followed by 














Figure 2-15 Sulfur poisoning and recovery processes [57] 
 
Upon introducing H2S into the fuel stream, fast adsorption of sulfur occurs in 
minutes which block the triple phase reaction sites and lead to the rapid electrochemical 
degradation. The degradation due the initial fast adsorption is recoverable. In the second 
stage, the performance degrades slowly over the time, possibly due to the formation of 
multilayer nickel sulfides on Ni surface, diffusion of sulfur into Ni grains and/or 
interaction of sulfur with the electrolyte [57]. 
 
Sasaki et al. [58] investigated the Ni-S-O phase diagram at 800 oC and concluded 
that the formation of bulk nickel sulfide may not be feasible by several ppm of H2S 
because bulk sulfide (e.g. Ni3S2) is unstable at that temperature until the H2S is above 200 
ppm. 
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2.3.3.2 Chlorine (Cl) 
 
Chlorine is typically present in coal syngas in the forms of hydrogen chloride (HCl) 
and methyl chloride (CH3Cl). Krishnan et al. [41] investigated the effects of HCl and 
CH3Cl vapors on SOFC performance. They observed no significant performance 
degradation during 100 h testing with 40 ppm of HCl vapor at both 750 oC and 800 oC. 
Similar results were observed with 40 ppm of CH3Cl at 800 oC. However, as the 
temperature increased to 850 oC, the cell performance was decreased significantly. 
 
Trembly et al. [59] also studied the effects of HCl at 800 oC and 900 oC with 0, 20, 
and 160 ppm. The test results show that HCl causes significant degradation to SOFC 
performance at higher concentration (e.g. 160 ppm). The cell performance loss was 
attributed mostly to the increase in charge transfer resistance at 800 oC and to the increase 
in the ohmic and charge transfer resistance at 900 oC. However HCl concentration after 
hot/warm gas cleanup is expected to be much lower (>1 ppm) that will not cause any 












Figure 2-16 SOFC power density operating at 800°C and 0.7V over time with HCl 
concentrations of 0 ppm, 20 ppm, and 160 ppm [59]. 
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Post-trial analyses performed using XRD, SEM, and EDS show no sign of secondary 
chloride phases and no effects on the anode materials. The poisoning effect of HCl on the 
SOFC anode was shown to be reversible with HCl concentration as high as 160 ppm: 
upon the removal of HCl from the syngas, the cell performance was recovered back to the 
original state of the cell before injecting HCl.  
 
2.3.3.3 Zinc (Zn) 
 
At elevated temperature, Zinc (Zn) is highly soluble in Ni metal. Hence the cell 
degradation due to Zn strongly depends on the cell operating temperature. Thermodynamics 
calculation predicts that Zn is expected to form a condensed metal oxide at warm gas 
conditions [41]. Hence the zinc concentration should not be higher in the gas stream that 












Figure 2-17 Performance of SOFC with 10 ppm Zn Vapor (~0.7 V and 0.2 A/cm2)  
(a) 750 °C (b) 800 °C [41] 
 
Figure 2-17 shows the power density changes with time when the cell was exposed to 
10 ppm of Zn vapors at 750 °C and 800 °C. At lower temperature, no significant degradation 
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was observed in the power density during 140h test. However at 800°C, slow decline (ca. 0.02% 
per h) in power density was observed. 
 
2.3.3.4 Mercury (Hg) 
 
Mercury (Hg) is present in the vapor phase in the coal syngas due to its high vapor 
pressure. The operating temperature and pressure of the gas cleanup system is not 
anticipated to influence the equilibrium form of mercury [43]. It is expected that Hg 
present in the syngas will escape through the gas cleanup system to influence the SOFC 
anode. However, the experimental study [41] shows that when a button cell was exposed 
to 7ppm of Hg vapor, the cell performance showed no significant degradation at 750 °C 




Figure 2-18 (a) Power density variation with time under 7 ppm Hg vapor at 750°C (b) I-
V curve of the cell after 150 h 
 
The test results at 800 °C showed a small decline in performance at high current 
levels. It was thought that HgO could possibly be condensed and deposited on the anode 
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surface and may hinder the fuel gas diffusion to the reaction sites [42]. Further research is 
required to quantify the extent of degradation. 
 
2.3.3.5 Phosphorus (P)  
 
Phosphorus (P) is one of the few contaminants that interact strongly with nickel 
contained in the SOFC anode and degrade its electrochemical performance and structural 
properties during long term operation [42,49,50,60]. Equilibrium calculations indicated 
that the temperature and pressure of the gas clean-up system have little influence on the 
phase equilibrium behavior of phosphorous [43]. Although the nature of the phosphorous 
compounds in the coal-derived syngas is not known accurately, the equilibrium 
calculations indicated that phosphorous may present in the form of (P2O3)2 (g) as a 
dominant vapor phase and trace amount of PH3 (g), depending on the temperature and 
pressure.   
 
Thermodynamics calculations showed that PH3 (g) has the potential to react with the 





Eq. (2. 16) shows the phosphorous interaction that may take place with the anode Ni 
under SOFC operating conditions [43]. Krishnan et al. [41] suggested that phosphorous 
may exist as PH3 (g) in the coal-derived syngas when the gas is cooled down to low 
temperature at high pressures. However, under SOFC operating conditions, PH3 (g) is 
hydrolyzed to form primarily HPO2 vapor. 
 
Marina et al. [50] investigated the interaction of phosphorus in syngas with the 
nickel-based anode. The tests were performed at 700 oC and 800 oC from 0.5 to 10 ppm 
)()()()( 2253 352 gssg HPNiNiPH +→+
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phosphine (PH3) in both anode- and electrolyte-supported configurations. They related 
the cell performance degradation to the two primary modes. The most noticeable was the 
formation of a series of bulk nickel phosphide phases (Ni3P, Ni5P2, Ni12P5 and Ni2P) 
where P was completely captured by the anode and formed a clear boundary between 
secondary phase and unconverted anode portion [50]. The second mode of degradation 
was attributed to the surface diffusion of P to the active anode/electrolyte interface. 
Moreover, the secondary phase formation induces grain growth and causes micro-crack 
within the anode support. Marina et al. [50, 60] suggested that the cell electrochemical 
degradation may be very low if an electrical pathway to the anode-electrode active 












Figure 2-19 Electrochemical degradation of anode-supported cell in coal gas with 
phosphorus [60] 
 
PH3 (2ppm) at 800 ºC for 380 h coarsened Ni and converted it into Ni3P within the 












Figure 2-20 Anode exposed to 2 ppm of PH3 at 800oC [49] 
 
In a recent study, Olga Marina et al. [60] found that the penetration depth of the 
secondary phase is proportional to the concentration of the PH3 in the fuel gas as shown 











Figure 2-21 Penetration depths after 990 h with PH3 in coal syngas [60] 
 
Olga Marina et al. [60] observed that due to the PH3 contaminants, the nickel 
particles in the anode material agglomerate and cause microcrack formation at the anode 













Figure 2-22 Ni agglomeration and microcrack formation after 1000 h test with 5 ppm of 
PH3, after O. A. Marina et al. [60] 
 
Furthermore the addition of phosphorus (P) depresses the melting point of Ni such 
that agglomeration of Ni may occur [41], and causes reduction of electrochemical sites, 
which degrades the electrical conductivity. This phenomenon also leads to the 
redistribution of temperature and stress fields. Such changes in anode microstructure 
suggest the possibility of degradation of its mechanical properties during long-term 
operation. 
 
2.3.3.6 Arsenic (As) 
 
Thermodynamics calculation shows that both cleanup system temperature and 
pressure have an effect on the partition of arsenic between gas and condensed phase as 
well as equilibrium composition formed [43]. 
 
Arsenic is found in coal with concentration ranging 0.5 to 2090 ppm by weight [61]. 
In the reducing environment, almost all arsenic is converted to AsH3 [62]. However, 
several species of As vapor, e.g. As4 (g), AsH3 (g), AsSe (g), and As3Sb (g), are shown to 
form in coal syngas after passing through a warm gas cleanup system. AsH3 (g) has shown 
the potential to interact with Ni contained in the SOFC anode material [62]. Eq. (2. 17) 
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Thermodynamic calculations [63] have shown that AsH3 (0.15-0.60 ppm) may 
interact with Ni contained in the SOFC anode and formed secondary phase nickel-
arsenide as shown in Eq. (2. 17). Trembly et al. [62] observed that 1ppm of AsH3 (g) at 
750 oC and 800 oC, did not cause any significant degradation in the cell performance 
during short term tests as shown in Figure 2-23. However, long term tests indicated that 
even 0.1 ppm of AsH3 may interact with anode material and decrease its performance. 
 
Figure 2-23 SOFC power density operating at (a)750 oC, (b) 800 oC, 0.25, and 0.50 
A.cm-2 over time with ~1.0 ppm AsH3 [62] 
 
Krishnan et al, [41] showed that when a button cell was exposed to 10 ppm of 
arsenic vapor at 750°C, the cell exhibited erratic power density level with time (Figure 
2-24), and the current collector became loose and was found broken after 100 hours 
exposure test as shown in Figure 2-25. Such failure mechanism is not observed in cells 
that are not exposed to As contaminant. 
 
)(5.1)()()( 23 gHsNiAssNigAsH +→+
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As shown in Figure 2-24a, a significant degradation occurred within initial 10 h of 
injecting As followed by a slow but steady performance loss. It was also found that the 
area specific resistance (ASR) increased from 1.40 to 1.75 Ω.cm2 after 60 h of operation. 
The current collector became loose and was found broken after 100 h exposure test as 
shown in Figure 2-25. 
 











Figure 2-25 Delamination of Ni mesh from anode at 10 ppm As contaminant [41] 
 
Krishnan et al. [41] also performed the cell post mortem analysis by scanning 
electron microscope to understand the failure mechanisms. They found that As 
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preferentially reacted with Ni contained in the anode. The formation of secondary phase 
(nickel arsenide) embrittled nickel metal screen and the porous nickel layer. Moreover, 
incorporation of arsenic in the Ni particles produced an increase of the particle size [64]. 
These changes may delaminate the current collector (nickel wire mesh) from the anode 
surface leading to inconsistent cell power densities.  
2.3.3.7 Selenium (Se) 
 
Selenium (Se) affects the SOFC electrochemical performance similar to sulfur 













Figure 2-26 Effect of H2S and H2Se on anode-supported SOFC at 800oC [65] 
 
The temperature and pressure of a gas cleanup system affect the partition of Se [62]. 
At the lower temperature (200 oC – 300 oC), Se was found in the form of condensed 
phases of CdSe(s) and PbSe(s). At the higher temperature (400 oC – 500 oC), Se was 
found to be partitioned between gas vapor and condensed phases.  
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The reversible portion of the electrochemical indicates the surface adsorption of Se 
into anode surface similar to sulfur. While the unrecoverable portion of the degradation 
implies either the formation of a secondary phase or partial mechanical degradation of the 
current collector [62], although recent experimental studies [65] found no secondary 








Chapter 3    DEGRADATION MECHANICS 
 
 
3.1 Structural Degradation 
 
Structural degradation is a progressive physical process which deteriorates a material 
load carrying capability. Material degradation may occur due to several mechanisms 
depending on the environment and loading conditions. From a general standpoint, 
degradation of a material microstructure is due to non-reversible phenomena such as 
formation of microcracks, microvoids, and debonding between the constitutive phases 
particles in a multiphase material. Experimental studies have shown that the 
accumulation of microdefects leads to the formation of macroscopic localized defect, 
which is a precursor of failure. 
  
Fracture mechanics is concerned with the analysis of existing macroscopic cracks. 
Under some conditions, especially for the brittle materials, it might be too late to prevent 
a failure once a macroscopic crack is formed. Therefore, the question arises regarding the 
precursory state that is the evolution of internal degradation before macroscopic cracks 
become visible. Continuum mechanics is considered as a general scheme to specify the 
progressive degradation of materials and structure. It relates the effects microstructure 
defects such as microvoids, microcracks, and other discontinuities to the quantities that 
can be observed and measured at the macroscopic scale such as material stiffness, 
electrical resistance, and density. Material degradation of SOFCs ceramics components 
often remains undetectable until the material fails catastrophically. CDM facilitates to 
predict the state of material degradation and to estimate the remaining strength and useful 
life of the material. Our model will establish the combined effect of thermo-mechanical 
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and syngas contaminants effects on the anode structural properties and strength, we call it 
continuum durability model. 
 
3.2 Degradation Variable 
 
 Material Degradation can be represented in various ways. Generally a geometrical 
description of material degradation is specified at the macroscopic level. Consider a 
representative volume element in a degraded body. Consider an elemental cross plane, 










Figure 3-1 Net resisting area and effective section of a degraded material [67] 
 
The degradation is quantified by the surface density of the microdefects and their 













where A is the original area in the undamaged (or reference) state and Ā is the net 
resisting (effective) area as shown in Figure 3-1. For a virgin material, the effective area 
is the same as the original area and therefore the damage is specified to be zero. As the 
material degrades under the load and environmental effects, the effective area decreases 
due to the formation of microvoid and microcracks. Eventually the micro defects 















Figure 3-2 Evolution of Damage in a material 
 
In the case of isotropic degradation, a single degradation variable is defined that 
relates the original and degraded configuration. For an anisotropic degradation model, the 
degradation variable depends on the choice of the normal nv  to the representative element 
and a tensorial formulation is employed for the degradation variable. Anisotropic 
degradation formulations address degradation using either a second order tensor or fourth 
order tensor, even eighth order tensors as have been proposed in the literature. If, 




the cross section on which it is measured, then degradation is isotropic and is quantified 
by one single scalar variable, D: a dimensionless number between zero and one as shown 
in Eq. (3. 1). 
 
3.3 Thermodynamics of Degradation 
 
The constitutive equations for a given material behavior e.g. plasticity or 
degradation, can be derived in the framework of the thermodynamics of irreversible 
phenomena through a certain number of variables called state variables [68]. In this 
framework, a material model is developed such that the thermodynamic state of material 
at a given point in space and time is completely determined by a given set of state 
variables at that point. 
 
3.3.1 State Variables 
 
The complete characterization of a thermodynamic system (a continuum in this case) 
describes the state of the system. This description is specified by several thermodynamic 
and kinematic quantities called state variables. A change of the state variables with time 
characterizes a thermodynamics process. 
 
The state variables are divided into two sets: observable state variables and internal 
state variables. The observable variables are those that can be measured directly and 
which appear regardless of the material phenomenon such as elasticity, plasticity, or 
degradation [69]. Temperature and total strain is an example of observable state 
variables. Plastic strain, degradation strain, and degradation variable are an example of 




Table 3-1 State and Associated Variables [68] 
 
ε  Total train tensor 
σ  Stress tensor 
T  Absolute temperature 
s  Entropy 
εp  Plastic strain 
α  Internal variable characterized the isotropic hardening 
R  Isotropic hardening associated thermodynamic conjugate force 
a  Internal variable characterized the kinematic hardening 
X  Kinematic hardening associated thermodynamic conjugate force 
D  Degradation variable 
Y  Strain energy release rate, associated to degradation variable 
κ  Internal variable characterized the degradation hardening 
K  Degradation hardening associated thermodynamic conjugate force 
 
We choose the state variables in accordance with the physical mechanisms of 
deformation and degradation of the material i.e. elasticity, plasticity, or degradation. For 
Mechanism State Variables 
 Observable Internal 
Associated Variables 
Thermo-elasticity ε  σ 
Entropy T  S 
Plasticity  εp -σ 
Isotropic Hardening  α R 
Kinematic Hardening  a X 
Degradation  D -Y 
Degradation 
Hardening 
 κ Κ 
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example, in a pure elasticity phenomenon, material state can be completely defined by a 
set of observable state variables at a point i.e. stress and strain. However to define the 
inelastic phenomenon, we require an additional set of internal state variables because the 
material has a history dependency.  
 
3.3.2 Strain Tensor 
 
Assuming small strain, the total strain tensor can be decomposed into elastic and 
inelastic strain tensor components by simple superposition. Although the degradation 
process is thermodynamically an irreversible deformation, the deformation due to 
degradation strain can be partially or completely recovered upon unloading. Both 
reversible and irreversible parts cause degradation in the material stiffness. Hence, in 



















where εe, εp, and εd, are the elastic, plastic, and degradation strain respectively. For 






When microcracks are initiated without a large amount of plastic deformation, the 
damage is called brittle [68], as shown in Eq. (3. 3). 
 
3.3.3 Effective Configuration 
 
In order to employ the principles of CDM, an imaginary undamaged configuration is 
considered known as an effective configuration as shown in Figure 3-4. In the effective 
configuration all types of material defects, including micro-voids and micro-cracks, are 





















The actual and effective configurations are subjected to the same applied load. Based 





where σ  is the effective stress, Ā is the effective area and T is the applied load. The 
effective stress can be expressed in terms of actual stress and the effective and apparent 




The introduction of a degradation variable leads to the concept of effective stress. It 
is defined as the force divided by the effective resisting area of the representative volume 
element [70]. In the uniaxial case with isotropic degradation, the effective stress is 




In the multi-axial case of isotropic degradation, the operator 1/(1-D) can be applied 
to all the stress components acting on the same effective area, and the effective stress 




The stress-strain relation for actual and effective configurations can be written from 



















In order to completely define the relation between the actual and effective 
configuration, various hypotheses are proposed. A convenient way to avoid a 
micromechanical analysis for each type of defect and each type of mechanism of 
degradation is to postulate an equivalence principal [71-76]. Following are the most 
commonly adopted hypotheses. 
 
(1) Strain equivalence principle 
(2) Stress equivalence principle 
(3) Strain-energy density hypothesis 
 
3.3.3.1 Strain equivalence principle 
 
The transformation of stress from the degradation state to the effective state in this 
work is derived through the use of the concept of equivalent strain principle. This concept 
assumes that the strain in the degraded state and in the effective state is equivalent 
( εε = ) [67]. The principal of strain equivalence states that [68]: 
 
“Any strain constitutive equation for a degraded material may be derived in the same way 










Figure 3-5 Concept of effective stress and principle of strain equivalence [77] 
 
Employing this concept to the elastic strain tensor, one can obtained a relationship 
between the degraded modulus of elasticity, E and the isotropic degradation variable D. 





Substituting Eq. (3. 6) in Eq. (3. 10), we obtain the following relation based on the 





where E is the elastic modulus of degraded and E   is the elastic modulus of comparable 
un-degraded material. The loss of stiffness can be measured by some conventional non-
destructive testing such as direct tension tests, change in hardness and change in electrical 








Thus the deformation behavior of the material is only affected by degradation in the 
form of effective stress; the constitutive equations of the degraded material are the same 
as those of the virgin material with no degradation where the stress is simply replaced by 
the effective stress as shown in Figure 3-5. 
 
3.3.3.2 Stress equivalence principle 
 
Similarly in the stress equivalence principle approach, the stress associated with a 
degraded state under the applied strain is equivalent to the stress associated with its un-
degraded state under the effective strain, Figure 3-6. 
 
 
Figure 3-6 Concept of effective strain and principle of stress equivalence [77] 
 
 
 Naturally, in the strain-based formulation the elastic energy density is written as a 
function of strain tensor, while in the stress-based formulation the complementary form is 




3.3.3.3 Strain-Energy density hypothesis 
 
 An elastic strain energy formulation is also exercised in the literature in order to 
define the equivalence between the reference and degraded configuration [68-78]. This 
approach assumes that the elastic strain energy is the same in both initial and effective 
configurations. From Figure 3-4, the strain energy density for the initial and effective 





















In this research, we adopted the strain energy equivalence principle as explained in 
section 3.3.3.1. 
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3.4 Equation of State (State Potential) 
 
To characterize a macroscopic system in classical thermodynamics, a state potential 
is introduced. Several forms of state potential are available in the literature such as the 
internal energy, Helmholtz free energy, enthalpy and Gibbs free energy.  
 
3.4.1 Helmholtz Free Energy 
 
The Helmholtz free energy (ψ), which is a scalar function of the state variables, has 
been utilized by many researchers [67, 74] to characterize a macroscopic system. This 
thermodynamics potential describes the current state of energy in the material, and it is a 
function of the observable state variables and the internal state variables under 




If the degradation and plasticity are assumed to be uncoupled, the Helmholtz free energy 





ψe free energy due to elastic deformation 
ψp free energy due to plastic hardening 
ψd free energy due to degradation hardening 
εij  total strain tensor  
D degradation variable   
α internal state variable corresponding to plastic hardening 
),,,,( Dpijij καεεψψ =
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κ internal state variable corresponding to degradation hardening/softening 
 
For brittle material, the free energy associated with the plastic hardening ψp(α) is 
negligible. The proposed definition of Helmholtz free energy (ψ) allows the derivation of 
the constitutive equations and the internal dissipation. 
 
The second principle of thermodynamics, written as the Clausius-Duhem inequality 
is satisfied when the degradation rate is positive i.e. the 2nd principle of thermodynamics 
requires the mechanical dissipation work to be positive. Clausius – Duhem inequality can 




where γ is the power dissipation, ρ is the mass density, and the dot represents the time 
derivative of the variables. Helmholtz free energy is a function of state variables. We can 





Substituting the time derivative equation of the Helmholtz free energy, Eq. (3. 20), 
and the strain additive relation, Eq. (3. 2), into the Clausius-Duhem inequality, Eq. (3. 








































3.4.2 State laws 
 
From Eq. (3. 21), the following thermodynamic state laws are obtained for the 




















The inequality, Eq. (3. 26), can be separated into dissipation due to plasticity and 




































3.4.3 Yield function and Kuhn-Tucker conditions 
 
In order to determine the possibility of plastic deformation and/or material 
degradation, the yield surface function (Fp) and damage surface function (Fd) are defined. 
















The evolution laws can be derived from the postulate of maximum dissipation using 
Eqs.(3. 29)-(3. 32) by finding stresses and forces for the given thermodynamics fluxes, 
such that the dissipation equation is maximized. This postulate leads to the following 
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where λp and λd are Lagrange multipliers also known as consistency parameters. 
Lagrange multipliers are assumed to follow the Kuhn-Tucker conditions as shown in Eq. 
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 Many types of materials have been studied in the literature for the SOFCs anode 
including LaxSr1-xVO3−δ (LSV) [5], CoS1.035, WS2, and Li2S/CoS1.035 [6], Ni/scandia-
stabilized zirconia (Ni–ScSZ) [7], Cu–CeO2–YSZ [8] etc. Nickel-Yttria Stabilized 
Zirconia (Ni-YSZ), however, is the current choice for SOFCs anode material 
[9,39,51,52]. It is preferred because of its chemical and structure stability, good thermal 
and electrical conductivity, catalytic performance, cost and compatibility with the other 
materials of SOFC [11]. Since Ni-YSZ is a heterogeneous porous material that consists of 
nickel (Ni) and yttria-stabilized zirconia (YSZ), its mechanical properties are widely 
scattered and hard to define. However for the convenience of analysis and design, anode 
material is often considered homogenous at the macroscopic level [9,16].  
 
4.1 Anode Structural Degradation Mechanisms 
 
Anode structural degradation may occur due to several mechanisms depending on 
loading and environmental conditions. The service life of a Ni-cermet anode is 
deteriorated by a variety of microstructural changes which mainly result from material 
transport, deactivation and thermo-mechanical mechanisms [18,19]. Some of the fuel gas 
contaminants (e.g. P, As) penetrate from the anode exposed surface and interact with 
anode (Ni-YSZ) material [41,50,60]. These contaminants form secondary phases with Ni 
and YSZ, which cause grain growth and microcrack formation within the anode material. 
Recent studies [50,60] at the Pacific Northwest National Laboratory (PNNL), on the 
interaction of phosphine (PH3) with SOFC anode, showed a correlation of the penetration 
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depth with the contaminant concentration and duration of exposure as shown in Figure 







Figure 4-1 Penetration depths after 990 h with 5ppm PH3 in coal syngas, after O. A. 
Marina et al. [60] 
 
4.1.1 Two Degradation Zones 
 
From the experimental studies [50,60], we propose that the structural degradation of 
the anode can be considered into two different zones across the anode thickness: (i) the  
intact zone, x(t), and (ii) the penetration zone, p(t), as shown in Figure 4-2. The major 
structural degradation in the intact zone is due to thermo-mechanical effects whereas the 















4.1.1.1 Intact Zone 
 
As shown in Figure 4-2 (a), x(t) is the intact zone where the effect of coal syngas 
contaminations is assumed to be negligible.  The major material degradation in the intact 
zone is due to the thermo-mechanical effects. In this zone, the degradation mechanisms 
are stress/strain and thermal aging effects. The Young’s modulus degradation in this zone 




where Eo is the initial Young’s modulus and Ei(t) is the degraded Young’s modulus in the 
chemically sound zone (intact zone). 
 
4.1.1.2 Penetration Zone 
 
We propose the existence of a penetration zone, p(t), where the coal syngas 
contaminants can cause anode material degradation coupled with the thermo-mechanical 
degradation as shown in Figure 4-2. The depth of this zone would increase with time and 
it should be proportional to the level of the contaminants in the coal syngas. The 
penetration zone would increase and intact zone decrease with time within the anode 








Figure 4-3 Increase in penetration depth with time 
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The penetration zone is further degraded due to the syngas contaminants as shown in 
Figure 4-2(b). The level of degradations depends on the syngas contaminants 




where Ei is the thermo-mechanical degraded Young’s modulus and Ep is the degraded 
Young’s modulus due to fuel contaminants effects. 
 
4.1.2 Degradation Variables (Multi-Mechanism) 
 
Several mechanisms are involved in the process of anode material degradation. Each 
mechanism requires a different degradation variable to be specified [71-74]. In the 
proposed degradation model, we have specified two degradation variables i.e. Dm: 
thermo-mechanical degradation variable, and Dc: structural contaminant degradation 
variable. The cumulative effect of the two degradation mechanisms to which the material 
is exposed at the same time can be assumed either a simple addition or multiplicative [71-
73] of the two mechanisms as shown in Eq. (4. 3) and Eq. (4. 4) respectively. 
 




For Eq. (4. 4), D still satisfies the following necessary condition that is typical for a 
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Figure 4-4 Change in multiplicative cumulative degradation variable with individual 
degradation variable 
 
Eq. (4. 3) and Eq. (4. 4) represents different interpretation of the cumulative 
degradation variable [71]. In some situations, a simple additive relation may violate the 















 Consider a representative volume element (RVE) of a material that is damaged by 
two different mechanisms. Let Ao be the original area of cross section of a plane with the 
RVE as shown in Figure 3-1. Let Am and Ac be the areas of intersection of microcracks 
associated with the thermo-mechanical and fuel contaminant effects respectively. The 
density of microcracks associated with the thermo-mechanical effects can be described as 
Am/Ao considering the original area Ao. Similarly, the density of microcracks associated 
with the fuel contaminant can be described based on the remaining area. Now the total 







 The last term in Eq. (4. 7) indicates that the microcracks resulted from the two 
mechanisms should not be projected twice [74]. The cumulative damage can be obtained 








 Eq. (4. 9) can be rearranged in the form of Eq. (4. 4). For the model formulation in 
this research, we have adopted this multiplicative relation. In the intact zone, the 
degradation variable (Dc) is zero and the total degradation variable reduces to the thermo-
mechanical degradation variable (Dm). 
 
 W. Liu and J. Qu [30] developed a micromechanical based constitutive model to 




























Ni/YSZ is primarily in the Ni phase as indicated by nickel volume fraction in Eq. (4. 10). 
They derived a closed form solution that gives the strain rate of the entire Ni/YSZ 
















 (4. 10) 
 
 
where cN is nickel phase volume fraction, η is viscous coefficient of Ni phase, and σ  is 
the level of effective stress. It can be estimated from Figure 4-6 that the strain rate of 
Ni/YSZ is about 3.325 cN x10-6 per hr per MPa. 
 
4.2 State of Anode Material 
 
The analysis and design of a structure requires prior knowledge of its material 










damage model is generally the standard approach to describe the behavior of brittle 
materials degradation [80, 82]. In this approach, the effects of the progressive 
microcracks and strain softening or hardening on the mechanical properties of the 
materials are represented by a set of internal state variables. These state variables govern 
the material behavior such as stiffness reduction at the macroscopic level. 
 
4.2.1 Helmholtz Free Energy 
 
The current state of energy in a material can be described by a thermodynamics 
potential such as Helmholtz free energy, which is a function of the observable state 
variables and the internal state variables under consideration. The proposed definition of 
Helmholtz free energy (ψ) allows the derivation of the constitutive equations and the 
internal dissipation. Anode material (Ni-YSZ) remains brittle from room temperature to 
the SOFC operating temperature [81]. Elastic-brittle materials refer to materials which 
are degraded by the formation of microcracks and their final fracture take place by the 
coalescence of microdefects without significant inelastic deformation [82]. Therefore the 
free energy associated with the plastic hardening ψp is negligible. Eq. (3. 18) can now be 




where ψe is the free energy associated with the elastic deformation coupled with damage, 
ψd is the free energy associated with the degradation softening/hardening, ijε  is the strain 
tensor, Dm and Dc are degradation variables. The form of the first term ψe in Eq. (4. 11) 
has been postulated in continuum mechanics and is based on the concept of the effective 
stress, so that it presents the same strain or same elastic energy as a degraded element 
subjected to the nominal stress. The expression for the elastic free energy is chosen as 
following. 






where ijklC  is the fourth order reference elasticity stiffness tensor, ρ is the density and 
e
ijε  
is the elastic strain tensor. To incorporate thermo-mechanical degradation and fuel gas 




The relationships between internal state variables and thermodynamic conjugate 
forces are defined based on the material being investigated and different relationships can 
be selected. The energy term related to the degradation isotropic hardening conjugating 
force relationship can be expressed in the form of a power or exponential relationship. 










Here h and n are positive material parameters. For the current formulation, we have 
selected power law relation. Substituting Eq. (4. 13) and Eq. (4. 14) into Eq. (4. 11), we 







































The second principle of thermodynamics gives the elasticity law coupled with 




Utilizing the energy terms into the Helmholtz free energy, the state laws equation 
result in definitions for the degradation hardening – thermodynamic conjugate forces as 

















This equation allows Y to be called the strain energy release rate. The strain energy 
density release rate, by definition of an associated variable in the thermodynamics, is the 
principal variable which governs the phenomenon of degradation. This is the energy 























occurred. It is equivalent to the energy release rate in the fracture mechanics. In order to 









The evolution of the thermodynamic conjugate forces can be obtained through the 
evolution of the internal state variables, which are obtained by assuming the physical 
existence of the dissipation potential i.e. degradation surface Fd. The energy dissipation 
due to degradation is found by substituting the thermodynamics state laws into the 
Clausius-Duhem inequality and is thus given as the product of the thermodynamic 







dλ  is a Lagrange multiplier also known as consistency parameter. It can be determined 
using consistency condition as described in section 3.4.3. 
 
4.2.2 Dissipation Potential 
 
In order to derive the degradation evolution equations, a proper expression of the 


























potential which should be a convex and homogenous function in the space of the 
thermodynamic conjugate forces [82]. Similar to Chow et al. [83] and Murakami et al. 
[82], we will assume a homogenous function for the degradation surface as expressed in 







Lijkl is the fourth order tensor, called a degradation characteristic tensor. According to 




Ko is a material constant which represents the initial threshold of degradation evolution 
similar to the initial yield stress in the theory of plasticity. For isotropic degradation, the 
strain energy release rate is a scalar quantity and the equivalent strain energy principle is 
adopted for the isotropic degradation formulation. The energy dissipation due to 
degradation is found by substituting the thermodynamics state laws into the Clausius-
Duhem inequality. Thus it is given as the product of the conjugate forces with the 







dλ is determined using consistency condition 0
. =dF  that is the state of stress must 
























Substituting Eq. (4. 26) and Eq. (4. 20) into Eq. (4. 32), we can obtain 
.











































































































where Kijkl is the material tangential stiffness (Jacobian matrix). Substituting Eq. (4. 17) 





where Dc is the degradation due to the syngas contaminants, which is determined in the 






































































































































































Increase in the penetration zone is assumed to be proportional to the syngas 




where t is the time of exposure and c is a parameter which depends on the syngas 
contaminants concentration. It will be determined experimentally. The width of the 
penetration zone increases with time while the rate of propagation decreases. The 




The shape of the degradation trend in the penetration zone could be linear, 
exponential or logarithmic as shown in Figure 4-7. The three degradation trends in Figure 
4-7 have same area under the curves for comparison as shown in Eq. (4. 49). These 













Figure 4-7 Degradation trend in the penetration zone 
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where Ei and Ep are the anode stiffness at the penetration zone interface and at the anode 
exposed surface, and a1 is a parameter that quantifies the anode structural degradation due 
to contaminant interaction; we called it a contaminant structural degradation parameter. 
To estimate the slope of this curve, it is assumed that when the penetration reaches po of 
the anode thickness, the Young’s modulus further degrades by a factor of a1 of the 
Young’s modulus at the penetration zone interface as shown in Figure 4-7. Therefore the 








where u is the displacement from penetration zone interface to the point of interest as 
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the following sections. Eq. (4. 51) is to be substituted into Eq. (4. 43) to incorporate the 
effect of syngas contaminants on the material degradation. 
 
4.3 Phosphine Penetration Depth  
 
 Phosphorus is one of the few contaminants that interact strongly with nickel 
contained in the SOFC anode and it degrades the anode’s electrochemical performance 
and structural properties during long term operation [42, 50, 60]. Moreover, PH3 forms 
secondary phases with the SOFC anode material which induce grain growth and 
microcracks within the anode support as shown in Figure 4-1. Marina et al. [60] 
suggested that the cell electrochemical degradation may be very low under the formation 
of secondary phases and microcracks if an electrical pathway to the anode-electrolyte 
active interface is maintained. A recent study at the Pacific Northwest National 
Laboratory (PNNL), on the interaction of phosphine (PH3) with SOFC anode, showed a 
correlation of the penetration depth with the contaminant concentration and the duration 
























where p(t) is the contaminant penetration depth, t is the time of exposure, ppm is the 
contaminant concentration, and yint is a parameter which depends on the contaminant 
concentration. In a flow-by configuration, Marina et al. [50] examined a Ni-YSZ coupon 
under 0.5 ppm of PH3 exposure. They observed extensive phosphorous capture within a 
short distance (4mm) from the gas inlet after 500 h. Although along the flow penetration 


















It is evident from Eq. (4. 52) and Eq. (4. 53) that there is a time interval required for 
PH3 to start penetrating in the anode material depending on its concentration as shown in 




where tp is the time required to start penetration and ppm is the PH3 concentration. For 
the specific case of PH3, these equations are incorporated into the model to estimate the 
PH3 penetration depth. 
 
4.4 Material Parameters 
 
Material parameters for the proposed model are obtained from literature and 
experimental setup. An in-situ SOFC button cell test apparatus is used for the assessment 
of the SOFC anode material parameters under operating conditions. The experimental 
setup is based on the concept of a thin circular membrane (i.e. button cell) under 
uniformly distributed pressure. 
 
4.4.1 Experimental Setup 
 
In this research, a NexTech ProbostatTM SOFC button cell test apparatus is integrated 
with a Sagnac optical setup and an infrared thermometer sensor for in-situ anode surface 
deformation and temperature measurements as shown in Figure 4-10. The Sagnac 
interferometer, also referred to as a beam splitter interferometer, is an amplitude splitting 
device which was used by Sagnac to measure the angular velocity of a rotating system 
[86]. As shown in Figure 4-10, a collimated laser light is split into two beams which 
travel in identical but opposite directed paths. The two beams recombine to form 
interferometric fringes. The fringe density indicates the extension of the specimen 
982.0)(3.2032 −= ppmt p
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rotation but it is relatively insensitive to rigid body motion of the test specimen. Notable 
advantage of this optical method is that the optical window does not have any effect on 
the fringe formation and thus it can be applied to in-situ, non-contact surface deformation 















Figure 4-10 NexTech ProbostatTM integrated with Sagnac interferometry and IR 
thermometer* 
 
For Sagnac interferometry, changes of the surface slope (S) and the corresponding 
out-of-plane displacements (W) can be represented by the following relation.  
 
 (4. 55) 
 
where λ is the wavelength of the light source and N is the fringe order. The challenge in 
implementing Sagnac interferometry to measure surface deformation of button cell is the 
requirement of smooth surface morphology since the measurement sensitivity is half the 




*Experimental setup developed by Huang Guo, a PhD candidate at WVU 
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location on the nickel wire mesh that is the current collector for anode electrode, as 
shown in Figure 4-11(a). It should be emphasized that the fringe formation is insensitive 
to rigid-body out-of-plane translation and is only sensitive to out-of-plane rotation as 












Figure 4-11 (a) Fringes on a spot location of the Ni wire mesh, (b) button cell surface 
rotation before and after loading. 
 
 
4.4.1.1 Validation of Experimental Test Methodology 
 
For the proof of concept, the Sagnac optical setup was assembled and preliminary 
work carried out at room temperature and 800 oC. Anode-supported SOFCs manufactured 
by Materials and Systems Research Inc. (MSRI) were tested in this study. Each button 
cell was 3.00 cm in diameter with an anode composed of a 1mm Ni-8YSZ support 
structural layer and a 25 μm thick interlayer composed of a highly catalytic Ni–8YSZ 
mixture. The electrolyte was a 20μm thick layer, and cathode was composed of a 25μm 
thick La0.8Sm0.2MnO3 (LSM)-8YSZ interlayer and a 25μm thick current-collection layer 
made of LSM. The button cell was mounted between two mica rings using AREMCO 
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516 high temperature cement. Mass flow controllers (MFC) were used to control the fuel 
and air stream flow rates, pressure and compositions. The optical setup consisted of a 
20mW diode laser (λ= 658 nm, laser spot size is 2 mm in diameter), a beam splitter, and 
several mirrors used as beam directing elements. A long distance microscope fitted with a 









Figure 4-12 Fringe patterns on Ni mesh at r = 3 mm from the center with different 
applied pressures: (a) 0 psi, (b) 7 psi, (c) 13 psi 
 
 
Figure 4-12 shows fringe patterns on Ni mesh located at r = 3 mm from the center of 
the button cell. As shown, the fringe patterns are stable under uniform pressure and the 
optical window placed in the optical path has no effect on the fringe formation. Figure 
4-12 (a) shows the initial fringe pattern due to the initial curved surface of the Ni wire 
without applied pressure. As the applied pressure increases, the fringe density increases 
as shown in Figure 4-12 (b) and (c). The fringe density can be related to the anode 
surface deformation under different applied pressures as shown in Table 4-1. For 
validation, FE simulation and analytical solution as discussed in section 4.4.2 are 
performed. The comparison among experimental, FE simulation and analytical prediction 









where ΔS/ΔP is the change of slope per unit applied pressure. As shown in Table 4-1, 
good agreement is noted and difference is less than 5%. These results are promising and 
support the proposed experimental test methodology. 
 
4.4.2 Complementary Analytical Solution  
 
The experimental setup is based on the concept of a thin circular membrane under 
uniformly distributed pressure. The button cell will be subjected to uniform pressure at 
various time intervals, and the corresponding out-of-plane displacements will be 
measured using an in-house developed optical method. To establish connection between 
the durability model and related experimental measurements, a two-layer analytical 
solution [84] is modified to obtain surface deformation of a three-layered thin membrane 
under uniform pressure which can be considered like a button cell with anode, electrolyte 
and cathode layers. 
 
 
Experimental Results Applied Pressure 





5 4.038 × 10-3 
10 4.227 × 10-3 
Room 
temperature 
(RT) 15 4.420× 10-3 
3.82× 10-5 3.70× 10-5 3.81× 10-5 
5 5.484 × 10-3 
10 5.185 × 10-3 800◦C 
15 4.889 × 10-3 












where W is the out-of-plane deflection under uniform pressure p, ro is the radius of the 













where ta, te, tc are anode, electrolyte and cathode thicknesses, Ea, Ee, Ec are their stiffness, 






























































































































Table 4-2 Numerical and Analytical results of out of plane deformation of a button 
cell under uniform pressure 
 




The change of slope with the applied pressure can be obtained by differentiating Eq. (4. 




The three-layered thin membrane analytical solution is validated using finite element 
analysis code ABAQUSTM and MSC-MarcTM, as shown in Table 4-2. Eq. (4. 59) also 
provides the location of the maximum change of slope per unit applied pressure. It is at 
1/√3 of the normalized radius of the button cell from the center.  For this research, test 




Button Cell Specification 
Out-of-Plane Displacement at 
Center r = 0 
Anode Electrolyte Cathode 





ua= 0.317       ue  = 0.310       uc  = 0.300 
Ea=1.05e11N/m2   Ee=2.125e11N/m2   Ec=1.1e11N/m2 














4.4.2.1 Boundary Condition Correction Factor  
 
 In practical SOFC button cell testing, the button cell periphery is not clamped but 
relatively free to rotate similar to a simply supported circular plate. This requires a 
correction factor to be included in Eq. (4. 59). By comparing the analytical solution of a 
clamped and simply supported single layer circular plate under uniform pressure [85], it 
is deduced that the slope of the simply supported plate can be obtained from the slope of 




This correction factor is applicable only to the experimental setup where button cell 
is secured similar to the ProbostatTM. At the location of maximum slope change with 
applied pressure, assuming Poisson ratio of ν=0.3, the correction factor from Eq. (4. 60) 
is calculated to be Co = 3.31. From FE analysis of the multi layered model (Figure 4-13) 
it is estimated that the correction factor is in the range of 3.39 to 3.55. For modeling 





From the proposed experimental surface deformation measurement, anode material 
Young’s modulus can then be determined from the three-layer model. Thus, a test 
methodology of long-time monitoring of SOFC anode structural integrity under simulated 
coal syngas can be carried out. If the change in Young’s modulus of electrolyte and 
cathode is negligible as compare to change in anode Young’s modulus, the change in 
anode effective Young’s modulus can be estimated by using Eqs. (4. 56)-(4. 61), and by 
determining the change of slope of the button cell experimentally, and thus estimate the 
mechanical degradation of the anode material. 











4.4.3 Contaminant Structural Degradation Parameter (a1) 
 
 Contaminant structural degradation parameter (a1) is a parameter that quantifies the 
anode structural degradation due to contaminant interaction with the anode as explained 
in section 4.1. The parameter is to be determined with the help of experimental set up that 
is especially designed for this purpose as shown in Figure 4-10. The cells are exposed to 
different concentration of PH3 and anode surface deformation is determined 
experimentally at different time intervals as described in section 4.4.1.1. Comparing the 
experimental results in the analytical Eq. (4. 56)-(4. 61), the parameter is determined. 
 
4.4.4 Temperature Dependent Material Properties 
 
Since SOFCs operate at high temperatures (600 oC - 800 oC), material properties at 
such high temperatures are required for better simulation results. Temperature dependent 
material properties for the PEN structure are primarily taken from the MENTAT-FC GUI 













Figure 4-14 Temperature dependent Young’s modulus of anode, cathode and electrolyte 
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As shown in Figure 4-14, the stiffness of anode, electrolyte and cathode vary linearly 











Pihlatie et al. [39] used an impulse excitation technique (IET), to determine the 
elastic modulus and specific damping of Ni/NiO-YSZ composites in connection with the 
SOFCs applications. For NiO-YSZ, they observed an initial increase of the stiffness at 
250oC and then a linear decrease with the temperature. In the reduced state (Ni-YSZ), the 
elastic modulus was found to linearly decrease with the temperature increase. The initial 










Figure 4-15 Temperature dependent coefficient of thermal expansion of anode, cathode 
and electrolyte 
TEa ⋅−= 711 10x 460.510x 213.1
TEe ⋅−= 711 10x 460.510x 289.2
TEc ⋅−= 711 10x 460.510x 263.1
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Similar to Young’s modulus, the coefficient of thermal expansion (CTE) of cathode 
and electrolyte also vary with temperature as shown in Figure 4-15. For anode material, 
the CTE does not change with temperature. 
 
4.4.5 Porosity Dependent Material Properties 
 
Porosity is a measure of the void space in a material. The porosity of a porous 
medium such as ceramics or rock describes the fraction of void space in the material 




where p is the material porosity, Vv is the volume of void space and Vt is the total volume 
of the material including void and solid parts. The porosity of a sample (e.g. anode 
material) can be estimated directly from the mass (m) of the sample in the air and the 






where ρ is the density of the anode material calculated from its composition. Numerous 
expressions for the relations between Young’s modulus and porosity of a material have 
been proposed in literature [90]. However, it has long been accepted that the Young’s 
modulus can be represented by the following empirical relation in terms of the material 











)exp( apEE o −=
 95
 
where p is the material porosity, Eo is the Young’s modulus at zero porosity, and  a is a 
material constant. Moreover, Rice [92, 93] showed that Eq. (4. 68) can also be applied to 
correlate the strength-porosity for a wide range of materials for which the strength and 
elastic modulus decrease proportionally with porosity according to the minimum solid 




where p is the material porosity, So is the material strength at zero porosity, and b is a 
material constant. Eq. (4. 68) and Eq. (4. 69) are known as the Ryshkewitch-Duckworth 
equation and Spriggs’ equation [91, 94] respectively, and generate a straight line when 
plotted on a semi logarithmic paper. Pihlatie et al. [39] found a linear relation between 
elastic modulus and porosity of the Ni/NiO-YSZ. Wang [91] proposed a quadratic 
exponent correlation, Eq. (4. 70), between Young’s modulus and porosity of a material 




Kupkova [90] derived a correlation, Eq. (4. 71), based on the connection between the 
sound velocity and elastic modulus by calculating the sound velocity as a function of 




where a, b, and c, are constants and independent of porosity, but dependent on the shape 
and size of the average pore as well as on the properties of the investigated material 
without pores. Radovic and Lara-Curzio [9] investigated the elastic modulus, biaxial 
strength and fracture toughness of unreduced (NiO-YSZ) and reduced (Ni-YSZ) anode 
material as function of porosity. They found that the mechanical properties of unreduced 
)exp( bpSS o −=







and reduced Ni-based anode materials depend strongly on the porosity as shown in 
Figure 4-16. They determined the anode sample elastic properties by impulse excitation 












Figure 4-16 Young’s (E) and shear (G) moduli of unreduced and reduced Ni-based 
anode as a function of porosity [9] 
 
Young’s modulus and shear modulus are determined by IE as a function of the 
porosity of unreduced and reduced anode materials as shown in Figure 4-16. They also 
indicate that the decrease in the elastic moduli during the reduction of NiO-YSZ anode is 














4.4.6 Temperature and Porosity Dependent Young’s Modulus 
 
Anode material stiffness and strength at different temperature and porosity can be 




Radovic and Lara-Curzio [9] determined the elastic modulus and biaxial strength of 
Ni-YSZ at zero porosity; the material constant a = 3.16±0.03 and b = 5.12±0.67. Eq. (4. 
62), Eq. (4. 68) and Eq. (4. 69) can be combined in the normalized form to obtain 
stiffness and strength relations in terms of porosity and temperature in the form of Eq. (4. 








Eo, GPa 210.8±1.4 212.1±1.31 
bE 2.7±0.04 3.16±0.03 
Go, GPa 80.4±0.5 79.5±0.6 
Exponential 
)exp( pbEE Eo −=  
)exp( pbGG Go −=  
bG 2.6±0.04 2.95±0.03 
)exp()(),( pbTbaEpTE Eoa −−=
)16.3exp()10159.51562.1(),( -4 pTEpTE oa −×−=
)12.5exp()10159.51562.1(),( -4 pTSpTS o −×−=
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Table 4-4 Material Properties obtained from SECA database 
 
 
4.4.7 Degradation Threshold (Ko) & Hardening/Softening Variable (h) 
 
Material degradation evolution will only begin when the state of stress reaches a 
threshold value σth. The initial degradation threshold (Ko) is a material parameter in the 
theory of degradation similar to the initial yield stress in the theory of elasticity as shown 






















Anode 4423.2 55.2 426.4 0.32 
Electrolyte 6050.0 2.0 400.0 0.31 
Cathode 2470.5 3.0 400.0 0.30 
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 Degradation characteristics of the anode material may be degradation hardening or 
softening depending on the temperature. The proposed model formulation is used to 
predict the stress-strain relations of Ni-YSZ as a function of temperature and porosity, 
and the material parameters (Ko and h) are obtained with the help of a user-defined 











The proposed structure durability model is implemented in the finite element 
analysis software ABAQUSTM (Abaqus Inc., Providence, RI) to predict anode material 
behavior during long-term operation. User defined mechanical material behavior in 
ABAQUSTM is provided by means of an interface whereby a constitutive model can be 
added to the library. It requires that a constitutive model be programmed in a user-
defined subroutine UMAT (ABAQUS/Standard). While ABAQUSTM performs the 
standard finite element analysis, the subroutine governs the material behavior during 
different stages of loading. The feature is very general and powerful but its use is not a 
routine exercise and requires considerable effort and expertise [96]. A user subroutine is 
called at each material point for iterations of every increment. The subroutine is provided 
with the material state at the start of the increment i.e. stress, solution-dependent state 
variables, temperature, and any predefined field variables along with the increments in 
temperature, predefined state variables, strain, and time. 
 
In addition to updating the stresses and the solution-dependent state variables to their 
values at the end of the increment, the subroutine must also provide the material Jacobian 
matrix  for the mechanical constitutive model. This matrix will also depend on 
the integration scheme used if the constitutive model is in rate form and is integrated 
numerically in the subroutine [96]. An outline of the subroutine is shown in Figure 5-1. 
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Figure 5-1 Outline of UMAT in ABAQUSTM 
 
Further detail can be obtained from [96]. 
 
In order to implement the proposed durability model in ABAQUSTM, we have to 
provide the cell temperature field, temperature dependent material properties, degradation 
threshold and hardening/softening variable. We also need to define a degradation 
hardening parameter, its associated variable, degradation variables, Jacobian matrix and 
the state variables so that these can be recovered from the previous increment. If the 
degradation conditions are fulfilled, the subroutine would update the state variables, state 
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5.2 Model Verification and Validation 
 
Validity of the proposed durability model is carried out by comparing the model 
results to the available experimental results and other models results for the same set of 
material parameters. The validation of the model is divided in the following sections. 
 
5.2.1 Validation of Constitutive Relations 
 
The constitutive relations of the proposed durability model are validated by 
comparing the model results with experimental results [97] and an independent model 
[82] for elastic brittle material. The material parameters used to validate the model are 
given in Table 5-1.  
 
Table 5-1 Material parameters for an elastic brittle material [82] 
 
Young’s Modulus (E) 
(GPa) 
Poisson Ratio (υ) 




21.4 0.2 2.6x10-3 0.04 
 
 
In order to validate the elastic brittle model, a column specimen is analyzed using 
FEA under a uniaxial state of stress and the results are compared with those of the 

















Figure 5-3 Stress-Strain relation of an elastic brittle material 
 
Figure 5-3 represents the stress-strain relation of an elastic brittle material under 
compressive stress. As can be seen, the constitutive and evolution formulation simulate 
the experimental results with good accuracy for an elastic brittle material. The results are 













Figure 5-4 Damage-Strain relation of an elastic brittle material 
PT Wang, Experimental [97] 
Murakami et al. [82] 
Present Model 
PT Wang, Experimental [97] 















Figure 5-5 Predicted results of Young's modulus with strain 
 
 
Figure 5-4 and Figure 5-5 represent the evolution of material degradation and the 
change in material stiffness with strain. A good agreement is observed between the model 
results and the experiment results at the lower strain value. The deviation at the higher 
strain could be due the large defomation or anisotropy developed in the material due to 
the material degradation called degradation induced anisotropy. 
 
In order to differentiate material degradation due to compressive and tensile loading, 




where <> represents Macaulay brackets, εi is the principal strain, and ζ is a material 






PT Wang, Experimental [97] 



























Figure 5-7 Predicted results of Young's modulus under uniaxial tension  
 
 
 There are theories available in the literature that have considered different 
formulation and different material parameters for tensile and compressive behavior of 
Murakami et al. [82] 
Present Model 
Murakami et al. [82] 
Present Model 
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elastic brittle materials. In the proposed model we described the tensile and compressive 
behavior of the material using the same set of equations and material parameters by a 
modified strain tensor as shown in Eq. (5. 1). Figure 5-6 and Figure 5-7 show the stress-
strain curve and change in material stiffness under uniaxial tensile stress using the same 
materials parameters as shown in Table 5-1. The degradation evolution equations are the 
same as those under compression. However, the strain energy release rate under uniaxial 
tension is different as compared to compression. Therefore, different material degradation 






5.2.2 Predicted Stress-Strain Relations for Ni-YSZ 
 
From room to operating temperature, SOFC anode material (Ni-YSZ) behaves as an 
elastic brittle material [81]. Likewise, F. Mora et al. [99] found that the deformation 
behavior of an anode-supported bilayer consisting of Ni-YSZ substrate and YSZ layer is 
controlled by the deformation of the nickel phase in the temperature range of 1000 oC – 
1200 oC, however, anode-supported bilayer behaves as brittle material below 1100 oC 
[99].  
 
After the model validation, the model formulation is used to predict the stress-strain 
relations of Ni-YSZ as a function of temperature and porosity. Additionally, some of the 
material parameters are obtained with the help of a user-defined subroutine implemented 
in FEA. At room temperature, the average strength of an anode-supported PEN is about 














Figure 5-8 Predicted stress-strain curve of Ni-YSZ at 800oC  
 
Linear Elastic
Brittle Damage model 
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 Based on the decrease in the fracture stress of an oxidized anode at 800 oC, C.K Lin 
et al. [81] suggested that the strength of PEN would decreased from 187 MPa at room 
temperature to 112 MPa at 800 oC. At 800 oC and 25% porosity, the average elastic 
modulus and strength of Ni-YSZ are respectively calculated from Eq. (4. 73) and Eq. (4. 
74) to be 62.72 GPa and 112.20 MPa respectively. A predicted stress-strain relation 
obtained under these conditions is shown in Figure 5-8. The degradation threshold and 
degradation hardening/softening variables are calculated to be 0.0043 MPa and 0.053 













Figure 5-9 Predicted stress-strain curve of Ni-YSZ at 300oK, 700oK, and 1073oK 
 
 
Eq. (4. 73) and Eq. (4. 74) are incorporated in the model with the help of a user-
defined subroutine to predict stress-strain relations as a function of temperature and 
porosity. The material parameters are also obtained from finite element analysis with the 
help of a user defined subroutine. Figure 5-9 depicts the stress-strain relations of Ni-YSZ 
at various temperatures at a constant porosity of 25%. It is found that at the same 
porosity, the material degradation depends on the level of strain regardless of the 





paradoxical phenomenon can be explained with the help of strain energy release rate i.e. 
Eq.(4. 22): at higher temperature, lower load is required to produce a specified level of 







































Figure 5-10 and Figure 5-11 predict the stress-strain relations of Ni-YSZ at room 
temperature and 1073oK respectively, as a function of material porosity. It can be seen 
that the material degrades and fails at a lower level of strain at higher porosity if the 
temperature is kept constant. This phenomenon can be explained with the help of strain 
energy release rate i.e. Eq. (4. 22). As the material porosity increases, it requires a lower 
level of strain to initiate and coalescence microcracks in the material. Thus, lower load 
causes higher material degradation at higher material porosity. 
 





The material parameters obtained from these relations are shown in Table 5-2. These 
parameters are used in the user-defined subroutine to predict the anode structural 






Temperature p (%) E (GPa) S (MPa) Ko (MPa) h 
20 122.88 241.58 0.0070 0.128 
25 104.93 187.00 0.0060 0.089 
30 89.56 144.78 0.0050 0.061 
35 76.50 112.08 0.0045 0.043 
Ambient 
Temperature 
40 65.32 86.76 0.0035 0.030 
      
20 73.46 144.95 0.0057 0.076 
25 62.72 112.20 0.0043 0.053 
30 53.56 86.54 0.0030 0.037 
35 45.72 67.00 0.0023 0.026 
1073oK 


















Figure 5-12 Ni-YSZ predicted initial damage surface biaxial stress space 
 
 Using these parameters, Ni-YSZ initial degradation surfaces are predicted as shown 
in Figure 5-12 at 1073 oK and room temperature in biaxial stress space (σ33). Similar 
surfaces can be obtained for σ33 ≠0 in three dimensional stress spaces. The degradation 
surface defines the boundary of the current elastic region. If the state of the stress lies 
within the boundary, no damage evolution will take place. Conversely, if the state of the 
stress happens to be on the boundary of the surface and tends to move outward from the 
elastic region, the damage will further accumulate. It can be concluded from Figure 5-12 
that the anode material starts to degrade well before the state of stress reached the 







5.2.3 Verification of Contaminant Penetration Depth 
 
Phosphorus (P) is a major contaminant that interacts strongly with nickel contained 
in the SOFC anode and degrades its electrochemical performance and structural 
properties during long term operation [41, 60]. It forms secondary phases with the anode 
material which cause grain growth and microcrack formation within the anode support 
[60] as shown in Figure 2-22. 
 
A recent study [60] at the Pacific Northwest National Laboratory (PNNL) on the 
interaction of phosphine (PH3) with SOFC anode showed a correlation of the penetration 



















Figure 5-13 Comparison of penetration depth under different concentration of PH3 
 
 
For the anode supported cell, the penetration curves shown in Figure 4-8 can be 
represented by the Eqs. (4. 52) and (4. 53) as explained earlier. These equations are 
incorporated in the model through a user-defined material subroutine in ABAQUSTM 
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[96]. A comparison of the penetration depth deduced from Figure 4-8 and obtained from 
FEA simulation is shown in Figure 5-13. As can be seen from the figure, the model 
represents the penetration with good accuracy. The discrepancies at the start of 








5.3 Button Cell Simulation Results 
 
The proposed durability model is implemented in the FEA software ABAQUSTM 
through a user-defined subroutine UMAT [96] to predict long-term anode structural 
behavior under fuel contaminants. The temperature field is one of the required inputs for 
the anode structure durability model that is obtained from DREAM-SOFC [101]. It is a 
three dimensional computational fluid dynamics solver developed by Dr. Celik’s research 
group at West Virginia University. It is a time accurate model that can simulate transient 
operation of SOFCs and is apable of calculating distributions of electric potential, 
temperature, and species concentrations etc. Temperature dependent material properties 
for the PEN structure are primarily taken from the MENTAT-FC GUI [87, 88] and 
reference [89] material database that shown in Table 4-4, although the MENTAT-FC 
software is not utilized in these simulations. The temperature field from DREAM-SOFC 
is incorporated in ABAQUSTM to perform structural analyses as shown in Figure 5-14. 
The temperature variation through the cell thickness is negligible [81,101] and therefore 
it is not considered here. The cell diameter is 16 mm, and anode, electrolyte and cathode 





















Figure 5-15 FE model of a button cell and physical boundary conditions 
 
Figure 5-15 represents a finite element mesh of one quarter of the button cell. For 
better visualization, a coarse mesh is shown in the figure whereas a finer mesh is used in 
the FEA simulations. Due to symmetry, only one quarter of the button cell is analyzed in 
the FEA. The physical boundary conditions are applied in accordance with the discussion 
in sections 4.4.1 and 4.4.2. The stress free temperature is considered at which the PEN 
layers are deposited i.e. 1250oC [32]. The thermal stresses are determined by applying the 












Figure 5-16 Principal stresses in PEN structure (a) anode (b) electrolyte (c) cathode 
Face fixed in x-axis 
Face fixed in Y-axis





Figure 5-16 shows the resulting maximum principal stresses through the PEN 
structure. The largest maximum principal stresses found in the anode are near the anode 
electrolyte interface. Fischer et al. [32] also reported a similar stress profile in the anode 
material. These stress values are lower than the average strength of the PEN structure [9, 
81] under the specified conditions. The stress field generated by the external mechanical 
load is relatively insignificant compared to the thermal stresses [81] and therefore not 
included in the simulations. 
 
5.3.1 Anode Structural Degradation 
 
5.3.1.1 Thermo-mechanical degradation 
 
The degradation growth in the anode material due to the thermo-mechanical effects 
is determined with the help of a user-subroutine. The degradation threshold variable (Ko) 
and the degradation hardening/softening parameter (h) are taken from section 5.2.2. The 






























Figure 5-17 Evolution of thermo-mechanical degradation in anode material without 
incorporating fuel contaminant effects (a) 9500h (b) 15000h (c) 20000h (d) 25000h (e) 
35000h (f) 40000h 
 
In the first step, pure thermo-mechanical degradation is determined without 
considering the fuel contaminant effects. In this case, the material degradation starts at 
the anode/electrolyte interface as shown in Figure 5-17 (a). With time, the material 
degradation accumulates in this region as shown in the subsequent figures. Although 
material degradation also appears at the anode exposed surface with time, it is relatively 
small as compared to the interface region as shown through the thickness in Figure 5-17 
(f). When fuel contaminant effect is considered, the thermo-mechanical degradation 



















Figure 5-18 Thermo-mechanical degradation in anode material (a) 3900h (b) 7400h (c) 
15900h (d) 21400h 
 
At the outset, anode thermo-mechanical degradation is higher near the 
anode/electrolyte interface as compared to the exposed surface as shown in Figure 5-18 
(a). This is due to the higher principal stresses in that region as shown in Figure 5-16. 
However, gradually the thermo-mechanical degradation becomes severe at the anode 
exposed surface as compared to the interface as shown in Figure 5-18 (c). It can be 
explained in terms of the microcracks initiation due the phosphine contamination 
interaction with the nickel contained in the anode material near its exposed surface. 
Because of the contaminant microcracks formation, the anode material becomes weaker 
in this region. As a consequence, the degradation threshold decreases and a lower level of 
stresses may generate a high density of microcracks. Finally, the degradation variable 


















Figure 5-19 Evolution of thermo-mechanical degradation through anode thickness 
 
Figure 5-19 shows the evolution of the thermo-mechanical degradation at the center 
of the anode through its thickness. As shown, the thermo-mechanical degradation is 
higher near the anode/electrolyte interface at the onset. With time, thermo-mechanical 
degradation increases at a higher rate at the surface than at the interface because of the 
microcracks initiation due to fuel contaminant interaction with the anode surface as 
explained before. 
 
5.3.1.2 Structural degradation due to contaminant interaction 
 
The effect of fuel contaminant on the anode microstructure is assumed to be 
independent of the themo-mechanical mechanisms. The effect of the contaminants is 
assumed such that a1=0.1 for PH3 contamination. The cell is exposed to the coal syngas 
contaminant with 5ppm of PH3. In the case of a button cell, the contaminant 




















Figure 5-20 Structure contaminant degradation in anode under 5ppm PH3 (a) 510h (b) 












Figure 5-21 Evolution of structural contaminant degradation through the anode 







 Since the structural contaminant degradation is assumed to be independent of the 
other degradation mechanisms, the contaminant effects on the anode microstructure begin 
uniformly at the anode exposed surface and penetrate through the anode thickness with 
time as shown in Figure 5-20. Figure 5-21 shows the evolution of structural contaminant 
degradation effect at the center of the anode across the thickness exposed to 5ppm of 
PH3. Structural degradation rate due to the syngas contaminants is rapid initially but 
decreases with time. The degradation is proportional to the contamination concentration 
and time of exposure. 
 
5.3.1.3 Cumulative structural degradation 
 
 The combined effect of the two degradation mechanisms can be determined from Eq. 
































Figure 5-23 Evolution of anode structural degradation at the critical location 
 
 
Initially, anode structural degradation is higher in two regions: at the 
anode/electrolyte interface (Figure 5-18 (a)) due to thermo-mechanical degradation and at 
the anode exposed surface (Figure 5-20) due to structure contaminant degradation. 
Gradually the structure degradation due the contaminant penetrates through the anode 
thickness and thermo-mechanical degradation evolves at the anode/electrolyte interface. 
Eventually the two degradation effects concentrate at the anode exposed surface and the 























Figure 5-25 Evolution of effective stresses at the exposed surface and interface 
 
 
 The effective stress field through the anode thickness is shown in Figure 5-24 just 
before the impending structure failure. At this critical state, the effective stresses are 
higher at the anode free surface and are close to the failure stresses under the specified 
conditions [81]. The evolution of the effective stresses at the two locations is presented in 
Figure 5-25. Initially the maximum principal stresses are higher at the anode/electrolyte 
interface. With material degradation, the effective stresses evolved more rapidly at the 
anode free surface than at the anode/electrolyte interface due to the synergistic effects of 
microcracks formed by the thermo-mechanical and structure contaminant effects as 















Figure 5-26 (a) Effective stresses through the anode thickness without contaminant  
 
 
 For comparison, the effective stresses in the anode are shown in Figure 5-26 under 
zero contaminant concentration after 40000hr. As shown, the effective stresses are well 
below the critical values under zero contaminant concentration. In this case, the structural 
degradation and the corresponding effective stresses are higher at the anode/electrolyte 
interface. 
 
5.3.2 Parametric Analysis 
 
 One of the main objectives of this research is to establish the acceptable limit of the 
PH3 contaminant in the syngas that would not catastrophically degrade anode structure 
for a specified period of time. In this section, parametric studies are performed in terms 
of contaminant concentration (ppm), contaminant factor (a1), anode porosity (p) and 
anode material properties such that the acceptable concentration of PH3 can be 
established under the assumed operating conditions. 
 
5.3.2.1 Contaminant factor (a1) and contaminant concentration (ppm) 
  
 Contaminant factor (a1) is assumed to be 5%, 10% and 20%; while the contaminant 
concentration is varied form 5ppm to the value which yields the critical structural 















Figure 5-27 Predicted anode structural life in terms of contaminant concentration for 
different contaminant factor 
 
 
 Anode structural life increases exponentially as the contaminant concentration 
decreases as shown in Figure 5-27. At a1=10%, the contaminant concentration is found to 
be about 0.3 ppm corresponding to the 40000 hr of anode structural life. The three curves 
seem to be converged as the contaminant concentration approaches zero. In this case, the 
material may fail due to thermo-mechanical effects alone at higher lifetime. 
 
5.3.2.2 Anode porosity and contaminant concentration 
 
 The effects of material porosity on the anode structural life are also examined. At 
constant contaminant factor (a1=10%), anode porosity is changed from 30% to 40%. 
Anode material properties under these conditions are obtained from Table 4-4 and Table 
5-2. 



















Figure 5-28 Predicted anode structural life in terms of contaminant concentration for 
different porosity 
 
 As shown in Figure 5-28, the acceptable contaminant limit decreases with the 
increase in porosity. At higher porosity, the material stiffness and strength reduce as 
discussed in section 4.4.5. Also, the damage threshold value is lower at higher porosity as 
discussed in section 5.2.2. At low concentrations (<0.01ppm), the structural degradation 
will be insignificant at the anode free surface because of the low MPS and fuel 
contaminant will take too much time to start penetrating into the surface (Figure 4-8). As 
it can be seen from Eq (4. 52)-(4. 53), and Figure 4-9, the time required to start 
penetration increases exponentially with the decrease in the contaminant concentration. 
Moreover at low concentrations, the critical location of anode material will shift from 
anode surface to the anode/electrolyte interface due to the higher principal stresses in that 









5.3.3 Electrochemical vs. structural degradation 
 
Currently, most research efforts related to fuel cells are focused on their 
electrochemical performance. Anode structural degradation phenomena under synergistic 
effects of thermo-mechanical and fuel contaminant, in contrast, are not given much 
consideration. In addition to electrochemical performance, structural integrity of the 















Figure 5-29 Comparison of predicted anode structural life and time required to reach to 
interface 
 
 The current general view is that the cell electrochemical degradation is the dominant 
factor that dictates SOFC working life when working under coal syngas. These 
conclusions are derived from accelerated exposure tests performed under much higher 
concentration of fuel contaminants. In the case of PH3, these exposures tests are usually 
performed with 5 ppm or more [41, 50, 65], whereas the concentration of PH3 in coal-
derived syngas has been estimated at ~1.9 ppm following warm gas cleanup [41, 102, 
 130
103]. Consequentially, under high contaminant concentration, the cell electrochemical 
performance decreases to an unacceptable level in a short period of time before there is 
any measurable structural degradation. However, as indicated in Figure 5-29, under lower 




5.4 Planar-SOFC Simulation Results 
 
The anode structure durability model developed for the solid oxide fuel cell (SOFC) 
button cell is enhanced for the planar-SOFC anode exposed to syngas contaminants e.g. 
PH3. Due to its larger active area compared to button cell, planar-SOFC exhibits greater 
spatial and temporal temperature gradients which cause higher thermal stresses and 
thermo-mechanical degradation. Moreover, fuel contaminants are distributed on the 
anode surface which leads to non-uniform microstructure degradation of the anode along 
the fuel flow from cell inlet to outlet. Thus the durability model of planar-SOFC needs to 
be modified from button cell on the following bases. 
 
• Planar-SOFCs have larger active area compared to button cell 
• Greater temporal and spatial temperature gradient 
• Higher thermal stresses and thermo-mechanical degradation 
• Fuel contaminant effects on anode structure differ from fuel inlet to outlet 
• Secondary phase propagates across the anode thickness and along the fuel flow  
 
5.4.1 Planar-SOFC Configurations 
 
In planar-SOFC configurations, fuel and oxidant flow over the anode and cathode 
respectively in a flow by manner as shown in Figure 2-2. It is the most common fuel cell 
stack configuration where individual unit cells are electrically connected by means of 
interconnects to generate desired power. The following three configurations are 
considered as shown in Figure 2-4. 
 
(a) Co-flow: fuel and oxidant flow in the same direction  
(b) Counter-flow: fuel and oxidant flow in opposite directions  
(c) Cross-flow: fuel and oxidant flow perpendicular to each other  
 132
 
In a co-flow configuration, fuel and oxidant flow in the same direction on the anode 
and cathode sides respectively. A schematic view of a co-flow planar-SOFC is shown in 
Figure 5-30 (a). The cell active area is 10 cm x 10 cm and it contains 18 channels for fuel 
and air flow on each side. Further details about the cell geometry can be obtained from 
reference [101]. Figure 5-30 (b) shows the PEN assembly and its dimensions. In this 
model, a typical anode-supported PEN assembly is considered which is composed of 780 
μm nickel-yttria stabilized zirconia (Ni-YSZ) anode, 20 μm thick YSZ electrolyte, and 













Figure 5-30 (a) Schematic view of a co-flow planar-SOFC (b) PEN structure (c) top 
view of the anode exposed surface 
 
5.4.2 Temperature and Contaminant Distribution 
 
The temperature field and contaminant concentration distribution inside the SOFC 
anode are the required inputs for the anode structure degradation model which are 













assess its electrochemical and thermal performances. Due to symmetry in co-flow and 
counter-flow planar cells, only one-half of a 10 cm x 10 cm cell is analyzed in finite 
element analyses (FEA) as shown in Figure 5-30 (c). For cross-flow, full PEN structure is 




















Figure 5-31 Temperature (oK) profile on (a) co-flow planar (b) counter-flow and (c) 
cross-flow SOFC anode under same current density (20amp)  
 
 
The temperature fields of planar-SOFCs are incorporated in FEA software 
ABAQUSTM (ABAQUS Inc., Providence, RI) with the help of a user defined subroutine 












and (c) cross-flow configurations obtained from DREAM-SOFC operating under the 
same current (20 amp.). DREAM-SOFC utilizes the finite volume method to calculate the 
temperature distribution and species concentration inside the cell. Therefore the 
temperature data obtained from DREAM-SOFC must be interpolated from the finite 
volume center to the nodal point or to the integration points of the FEA mesh used in 
ABAQUSTM. The temperature distribution can be read in ABAQUSTM in a step at the 
nodal point with the help of the user-defined subroutine DISP or at the integration point 











Figure 5-32 (a) Temperature field (b) PH3 contaminant profile on a co-flow planar 
SOFC anode at 20amp 
 
Figure 5-32 (a) shows the temperature distribution in the PEN structure for a co-flow 
cell operating under syngas at 30 amps and 50% fuel utilization [104]. The 
thermodynamics equilibrium calculations [43] indicate that at the inlet edge, nearly 60% 
of the Ni was converted into Ni5P2 within 4000 h when exposed to 2 ppm of PH3 at 800 
oC. Moreover, a large variation in the amount of the secondary phase formed at the inlet 
edge versus that of the outlet edge of the SOFC was observed. In fact, no significance 
amount of Ni5P2 was found at the outlet edge of the SOFC [43] within 4000 h of 
exposure. Based on the argument, the PH3 profile is deduced from DREAM-SOFC on the 







assumed to be 5 ppm. In flow by exposure tests, Marina et al. [50] detected extensive 
phosphorus capture within ~4 mm of the fuel inlet when exposed to 0.5 ppm of PH3 in 
syngas for 500 h. Beyond 4 mm from the fuel inlet, no phosphorous was present. Under 
similar conditions, phosphorous completely captured within 5 mm from fuel inlet in 100 
h test with a penetration depth of 50 µm.  Experimental studies [60, 65] also found that 
when exposed to the fuel contaminant (PH3), the surface nickel (Ni) under the fuel inlet 
was converted into secondary phases whereas the surface Ni away from the fuel channel 
inlets was presented as the metal during short-term tests. These studies also suggested 
that the secondary phase will propagate with time along the fuel flow. These 
experimental results support the assumption made here to obtain the contaminant 
concentration on the anode. 
 
5.4.3 Physical Boundary Conditions 
 
Figure 5-33 represents a FEA model of one half of a co-flow planar cell. Quadratic 
brick elements with reduced integration are used to model the PEN structure as shown in 
Figure 5-33. For better visualization, a coarse mesh is shown in the figure whereas a finer 
mesh is used in the FEA simulations. The applied physical boundary conditions will only 














5.4.4 Anode Structural Degradation 
 
The thermal stresses are determined by applying the temperature field (Figure 5-32 
(a)) obtained from DREAM-SOFC [101], and boundary conditions discussed in section 
5.4.3, into the FEA code ABAQUSTM. Figure 5-34 shows the resulting maximum 
principal stresses (MPS) through the PEN structure in a co-flow configuration. The 
largest MPS found in the anode are at the anode electrolyte interface. These stress values 












Figure 5-34 Principal stresses through the co-flow PEN structure (a) anode at the 
anode/electrolyte interface (b) electrolyte (c) cathode 
 
The highest MPS in the electrolyte and cathode layers occur near the fuel/air inlet as 
shown in Figure 5-34 (b)-(c). The stress profile in the electrolyte layer is similar to one 
reported by Yakabe et al. [16] for a co-flow case. The stress field generated by the 
external mechanical load is relatively insignificant compared to the thermal stresses [81] 
and therefore not included in the simulations. For a comparison the MPS distributions at 
anode/electrolyte interface for co-flow, counter-flow and cross-flow configurations, for a 

























Figure 5-35  Principal stresses at the anode/electrolyte interface (a) co-flow (b) counter-
flow (c) cross-flow 
 
5.4.4.1 Thermo-mechanical degradation 
 
Temperature dependent material properties for the PEN structure are primarily taken 
from the MENTAT-FC GUI [87, 88] and reference [89] database as shown in Table 4-4, 
although MENTAT-FC software is not utilized in these simulations. The degradation 
threshold variable (Ko) and degradation hardening variable (h) are taken as determined in 
section 5.2.2. The degradation growth in the anode material due to pure thermo-
mechanical effects is determined with the help of a user-defined subroutine. The results 













without electrolyte and cathode layers for clarity. The co-flow configuration is considered 










Figure 5-36 Evolution of thermo-mechanical degradation in anode at the 
anode/electrolyte interface without incorporating fuel contaminant effects for co-flow(a) 
5410h (b) 10410h (c) 20000h (d) 30000h (e) 40000h 
 
 Figure 5-36 shows the evolution of thermo-mechanical degradation without 
incorporating the fuel contaminants effects on the anode structure for a co-flow case. In 
this case, the corner at the fuel outlet is the critical location for material failure which is a 
common observation in experiments. The critical location is consistent with the 






























Figure 5-37 Thermo-mechanical degradation in anode at (i) interface and (e) exposed 
surface (a) 510h (b) 7410h (c) 12410h (d) 18410h 
  
In the next step, a thermo-mechanical degradation profile is determined as influenced 
by the fuel contaminant. In this case, thermo-mechanical degradation in the anode 
material initiates at the anode/electrolyte interface near the fuel outlet and propagates 
toward the fuel inlet as shown in Figure 5-37 (a-b). It is consistent with the higher MPS 
in that region as shown in Figure 5-34 (a). The model predicts that with time the 
contaminant structure effects increase at the exposed surface and reduces the degradation 
threshold at the surface as explained in section 5.4.4.2. With time the thermo-mechanical 
degradation becomes severe at the anode exposed surface as compared to the interface. It 
(ae) (be) (ce) (de) 
(ai) (bi) (ci) (di) 
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can be explained in terms of the microcracks initiation due the PH3 contamination 
interaction with the nickel contained in the anode material. Because of the contaminant 
microcracks initiation, the anode material becomes weaker in this region. As a 
consequence, the degradation threshold decreases and a lower level of stresses may 
generate a high density of microcracks. Finally, it reaches its critical value first near the 














Figure 5-38 Evolution of the thermo-mechanical degradation at the critical location 
through the anode thickness 
 
Figure 5-38 shows the evolution of the thermo-mechanical degradation at the critical 
location of the anode across its thickness. As shown, the thermo-mechanical degradation 
is higher near the anode/electrolyte interface at the onset because of higher stresses in that 
region. With time, thermo-mechanical degradation increases at higher rate at the surface 
than at the interface because of the microcracks initiation due to fuel contaminant 








5.4.4.2 Structural degradation due to contaminant interaction 
 
The phosphine (PH3) initial concentration on the anode surface is shown in Figure 
5-32 (b). The effect of PH3 on the anode microstructure is assumed to be independent of 
the themo-mechanical mechanisms that mean the microcracks formation due to the 











Figure 5-39 Anode structural degradation due to contaminant along the fuel flow and 
across anode thickness under 5ppm of PH3 exposure (a) 510h (b) 7410h (c) 12410h (d) 
18410h 
 
The evolution of contaminant effects on the anode microstructure is shown in Figure 
5-39. As would be expected, the anode structure degradation due to fuel contaminant 
starts at the fuel inlet and propagates along the fuel flow and across the anode thickness. 
In these simulations a1 is assumed to be 0.1. The degradation profile is regular because it 





















Figure 5-40 Evolution of the contaminant structural degradation at the critical location 
through the anode thickness 
 
 Figure 5-40 shows the evolution of structural degradation due to contaminant effect 
at the critical location of the anode across its thickness exposed to 5 ppm of PH3. 
Structural degradation rate due to the contaminant is rapid initially, but decreases with 
time. The degradation is proportional to the contamination concentration and time of 
exposure. 
 
5.4.4.3 Cumulative structural degradation 
 
The cumulative effect on the anode structure due to the two degradation mechanisms 
is assumed to be multiplicative as described in section 4.1.2. Since anode material 
behaves as elastic brittle material from room to the operating temperature [81, 99], the 
critical degradation value is taken to be 0.4 [82]. The evolution of the cumulative 
degradation is shown in Figure 5-41 at the anode exposed surface (e) and 





















Figure 5-41 Cumulative structural degradation in anode at (i) interface and (e) exposed 
surface (a) 510h (b) 12410h (c) 16410h (d) 18410h 
 
Initially the cumulative degradation is dominant at the fuel inlet and propagates 
along the fuel flow largely due to the contaminant structural degradation. Gradually the 
thermo-mechanical degradation effect increases at the anode/electrolyte interface near the 
fuel outlet and propagates towards the fuel inlet. In the long run, the two degradation 
effects concentrate at the anode exposed surface and the cumulative degradation variable 
reaches its critical value near the mid-section of the anode depending on the operating 
temperature and contaminant concentration as shown in Figure 5-41 (de). The variation of 
(ai) (bi) (ci) (di) 
(ae) (be) (ce) (de) 
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structural degradation on the anode surface along the fuel flow is shown in Figure 5-42. 




























Figure 5-43 Evolution of the anode structural degradation at the critical location 
Struct. Contam. Degr. (Dc) 
Thermo-Mech. Degr. (Dm) 
Cumulative Degr. (D) 
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 In the beginning, thermo-mechanical degradation increases slowly as compared to 
the structure contaminant degradation, but because of the microcrack formation due to 
the fuel contaminant, the thermo-mechanical effects become severe at that location as 
shown in Figure 5-43. Structural degradation rate due to fuel contaminant is rapid 
initially but decreases with time. At 5ppm of PH3, the contaminant penetration does not 
start until about 450h of exposure as also can be seen in Figure 4-9. The knowledge 
obtained from this research will be useful to establish control parameters to achieve 
desired service life of SOFC stacks. 
 
 The ultimate goal of this research is to establish the maximum acceptable 
concentration of PH3 that would not catastrophically degrade anode structure to an 
unacceptable level for a specified period of time. In the model, the PH3 concentration can 



















In this parametric study, the PH3 concentration is reduced from 5 ppm until the 
40000hrs of anode structural life is obtained as shown in Figure 5-44. With correct 
parameters, the proposed model is capable of predicting the anode structural life working 
under fuel contaminants and the maximum limit of concentration of the contaminants that 
would not degrade the anode structure to an unacceptable level for a specified period of 
time. 
 
5.4.5 Comparison of anode structural degradation for planar-SOFCs 
 
 Co-flow, counter-flow and cross-flow configurations are distinguished according the 
relative flow directions of fuel and air on the anode and cathode respectively. In order to 
understand the anode structure degradation for the three configurations, a comparison 
analysis is made.  Cells temperature fields and contaminant distributions are obtained for 
the three cases under similar operating conditions as shown in Figure 5-31. Anode 
structure degradation profiles are shown in Figure 5-45 under similar operating 












Figure 5-45 Anode structure failure locations comparison (a) co-flow:19920h (b) 













The model predicts that the co-flow arrangement yields the longest anode structural 
life prediction as compared to the other two configurations under similar operating 
conditions. In co-flow configuration, thermo-mechanical degradation is severe at the fuel 
outlet and contaminant degradation starts near the fuel inlet, whereas in other 












A phenomenological structural durability model is developed for the SOFC anode 
working under fuel gas contaminant (i.e. PH3). The model is capable of predicting 
thermo-mechanical degradation and contaminants effects on the anode structural 
properties. The model is implemented in finite element analysis (FEA) to predict the 
evolution of anode structural degradation during long-term operation. 
 
To connect the experimental measurements and model, a two-layer analytical 
solution for surface deformation under uniform pressure is modified to obtain the surface 
deformation of a three-layer thin membrane under uniform pressure which can be 
considered as a button cell with anode, electrolyte and cathode layers. The analytical 
solution is validated using FEA. 
 
The anode material (i.e. Ni-YSZ) behaves as an elastic brittle material from room 
temperature to SOFCs operating temperature. The proposed constitutive relations are 
validated by comparing the model results with the experimental and an independent 
model developed for elastic brittle material. 
 
After the validation, the model formulation is used to predict the stress strain 
relations of Ni-YSZ at different temperatures and porosities. The material parameters are 
obtained from finite element analysis with the help of user-defined subroutines at these 
temperatures and porosities. It is found that the anode material degradation depends on 
the level of strain regardless of the temperature at the same porosity. On the other hand, 
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the anode material degrades and fails at lower levels of strain at higher porosity at the 
same temperature. 
 
Initially, the thermo-mechanical degradation is greater at the anode/electrolyte 
interface due to higher principal stresses in that region. In the long run, it becomes severe 
at the exposed surface due to the microcracks formed by contaminant interaction. 
 
 The structural degradation due to fuel contaminants interaction (i.e. PH3) begins 
from the anode exposed surface and penetrates into the anode thickness depending on the 
exposure time and contaminant concentration. It degrades the button cell anode uniformly 
as the contaminant is assumed to be uniformly distributed on the anode surface. 
 
Anode structural life increases exponentially with decrease in the contaminant 
concentration. Under low concentration of contaminant, anode structure degradation may 
be significant as compared to the electrochemical degradation during long-term 
operation. 
 
The proposed durability model is enhanced for the planar-SOFC anode exposed to 
phosphine (PH3). Due to its larger active area compared to button cell, planar-SOFC 
exhibits greater spatial and temporal temperature gradients which cause higher thermal 
stresses and thermo-mechanical degradation. 
 
The extended model predicts that the anode thermo-mechanical degradation is severe 
at the anode/electrolyte interface and it starts near the fuel gas outlet in the case of a co-
flow configuration, whereas the fuel gas contaminants effects on the anode 
microstructure begin at the fuel gas inlet and propagate through the anode thickness and 
along the fuel flow. 
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In the co-flow configuration, thermo-mechanical degradation and structural 
degradation due to contaminant are at different locations. In counter-flow and cross-flow 
configurations, the two degradations are near the fuel inlet sections. Under similar 
operating conditions (current density), co-flow configuration yields a higher anode 
structural life than counter-flow or cross-flow configurations. 
 
Under lower concentration of contaminants, the anode structural degradation may be 
significant as compared to the electrochemical degradation. With the correct parameters, 
the proposed model is capable of predicting the anode structural life working under fuel 
contaminants and thermo-mechanocal effects. Moreover, the model also establishes the 
maximum contaminant concentration that would not degrade the anode structure to an 
unacceptable level for a specified period of time. 
 
 
6.2 Future Work 
 
The model capability can be further enhanced by incorporating the following suggestions 
in the future model. 
 
• Formulate the constitutive relations by considering the degradation induced 
anisotropy in the anode material. 
• Correlate anode structural degradation with the cell electrochemical performance 
• Verify or adjust the contaminant factor (a1) experimentally. 
• Incorporate the thermo-mechanical degradation of the electrolyte and cathode 
with the anode thermo-mechanical and contaminant effects 
• Include the interconnect channel effect on the PEN deformation 
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